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Abstract of a thesis submitted in partial fulfilment of the requirements for 
the Degree of Doctor of Philosophy.A 
bstract 
Liver abscessation in pasture based 
 beef bulls of New Zealand 
by 
Craig George Trotter 
 
Internationally, liver abscessation is reported as a major issue affecting the health and 
productivity of beef cattle under intensive total mixed ration production systems. With 
the increasing intensity of pastoral based production systems, there has been 
increasing anecdotal evidence of liver abscessation on bull beef farms across New 
Zealand, but to date, no research in the field. The research in this thesis was 
undertaken to establish the incidence of liver abscessation in pasture based beef bulls, 
as they are a typically at-risk livestock class; and establish if there were any 
differences in aetiology between lot fed and pasture based cattle. This was achieved 
by: identifying the species of bacteria present in abscesses in beef bulls from the 
South Island of New Zealand; establish the key rumen function features across the 
seasons in a production cycle with these bulls; quantify the changes in rumen papillae 
epithelium histology and ultrastructure across a production season; and measure the 
rumen population of Fusobacterium necrophorum in bulls managed under an industry 
typical intensive production system.  
 
Chapter 3 reported that the annual incidence of liver abscessation in a database of 
137675 intensively managed bulls between 2000-2005 from the South Island of New 
Zealand was a mean of 9.5%. There were typically some variation across years due to 
environmental factors and a clear and significant seasonal influence was observed. 
Incidence of liver abscessation peaked across November- December (11.3 and 11% 
respectively) and then declined as the slaughter season progressed. The typical age of 
the bulls slaughtered appears to directly influence the seasonal incidence rate, with 
older bulls slaughtered during this the late spring and summer peak in incidence. 
Abscesses graded as severe (two or more abscesses with a diameter larger than 4 cm 
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accounted for 67% of all abscessation recorded. Friesian and dairy type cross bulls 
had abscessation incidence approximately twofold greater than beef type bulls (10.3% 
and 4.71%, respectively). There was also a clear regional difference in liver 
abscessation incidence where it seems that those regions where animal performance is 
greatest also have the highest incidence of liver abscessation (Ashburton South 
district of 12.2%) 
 
Chapter 4 reports the use of abscesses of slaughtered bulls to identify the species of 
bacteria present  across a production cycle, using a polymerase chain reaction assay of 
the V2V3 region of the bacterial 16S ribosomal RNA region. Fusobacterium 
necrophorum was identified in every abscess removed from affected livers across the 
production season of 2007-2008 and the partial sequence of the 16S ribosomal RNA 
gene was a 100% match to that of the F. necrophorum species identified in previously 
recorded international databases. In some of the abscesses removed, there was a 
mixed culture present of F. n. necrophorum and  F. n. funduliforme and in 6% of 
samples other faculative anaerobic species of bacteria, namely Provetella and 
Porphyromonas species were also identified. 
 
Seasonal rumen function characteristics of four rumen fistulated bulls across a 
production cycle (chapter 5) revealed major changes in the concentration and 
production of short chained volatile fatty acids (SCVFA), ammonia and osmolarity of 
rumen fluid, particularly between the winter and spring grazing regimes. The total 
SCVFA concentration in summer was 62 and 55% greater than that recorded in winter 
and autumn but only 14% higher than recorded in spring with the SCVFA 
concentration between winter and spring increasing by 43% from a winter 
maintenance diet through to  a near ad lib diet. Increases in the consumption of feed 
quantity and quality also revealed increasing proportions of propionic and butyric acid 
concentrations in the rumen with the proportion of both as a total of all SCVFA 
increasing by 28 and 89% for propionic and butyric acids respectively with the 
osmolarity of rumen fluid increasing by 23.3% between winter and spring seasons. 
Results of rumen pH assessment using indwelling rumen pH sensors revealed major 
diurnal fluctuations in rumen pH across each season with the highest mean rumen 
fluid pH occurring in spring (6.44 ± 0.01 pH units); in summer bulls recorded a mean 
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pH of 6.29 ± 0.01 and spent 6.21% of each day under a pH of 5.8 units and 17.3% 
under a pH of 6.0 units. Estimated flow rates of rumen fluid were higher in spring and 
summer when compared to winter and autumn (22.7 ± 2.5, 21.3 ± 4.2 versus 10.8 ± 
1.5 and 14.5 ± 1.0 %/h respectively) with the concentration of SCVFA in faecal fluid 
highest in spring (49.1 versus 37.2, 36.2 and 21.0 mMol/l for summer, autumn and 
winter respectively. 
 
Samples of papillae were removed from each of the four bulls post rumen evacuation 
and were subjected to scanning electron and light microscopy (chapter 6). The results 
from these revealed significantly thicker epithelial depths in winter compared to 
spring. Spring papillae widths were 25% thinner than winter, with cell counts 
decreasing by 34% between winter and spring (13.9 ± 1.11 and 10.4 ± 0.20 cells 
respectively). Light microscopy revealed extensive desquamation of the outermost 
epithelial tissue in spring. Thinner papillae were also observed in summer and autumn 
compared with winter, which may be a physiological adaptation of increased potential 
absorptive capacity to the greater concentration and production of rumen metabolites 
(principally SCVFA and ammonia). When compared to winter, papillae from each of 
the other season also had considerably greater populations of protozoa present on the 
surface.  
 
Chapter 7 reports the evaluation of the population of F. necrophorum in the rumen 
through the use of a quantitative polymerase chain reaction assay. Samples were 
collected from rumen contents of the four bulls across the seasons of the production 
cycle. The results from this assay revealed only very low concentrations of F. 
necrophorum in the rumen were present, with a viable population only detected in 
spring from one of the four bulls. In all other samples the assay was not able to detect 
of F. necrophorum in the rumen. Using a series of plasmid dilutions of F. 
necrophorum derived from the liver abscesses, the assay was able to confirm that the 
amplified rpoβ section of New Zealand F. necrophorum species is the same as that 
recorded internationally. The assay could detect the presence of F. necrophorum in 
the rumen fluid down to low concentrations confirming the assay was successful to 
detect F. necrophorum in the rumen and that the population of F. necrophorum in the 
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rumen of the four bulls used in this study was below the level of detection of the PCR 
assay.  
 
To conclude, these results show evidence that liver abscessation in the New Zealand 
bull beef industry is present at 9.5% of all bulls slaughtered having abscessation. 
There is a clear seasonal trend of abscessation across the production season and F. 
necrophorum is the major microbial species present in liver abscesses in these pasture 
based bulls. The rumen function of beef bulls across a production season did not show 
evidence of sub-acute ruminal acidosis, nor is there any evidence of rumenitis upon 
rumen papillae removed from the ventral sac of the rumen. In three of the four 
seasons, the population of F. necrophorum in the rumen of the four bulls in this study 
was undetectably low.  Further work is required to better understand the aetiology of 
liver abscessation in the context of intensive pasture based production systems as it 
appears that the traditional explanation of the sub-acute ruminal acidosis induced 
rumenitis- liver abscessation complex may not explain the relatively high incidence 
observed in these systems. 
 
Keywords: Liver, abscess, bulls, Holstein- Fresian, rumen function, pH, short chain 
volatile fatty acids, osmolarity, ammonia, reduction-oxidation potential, pappillae, 
scanning electron microscopy, Fusobacterium necrophorum, Fusobacterium 
funduliforme, Provetella, Porphyromonas, Denaturing gradient gel electrophoresis, 
quantitative polymerase chain reaction. 
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1 CHAPTER 1. GENERAL INTRODUCTION: THE 
BEEF INDUSTRY IN NEW ZEALAND 
Agriculture in New Zealand accounts for over two out of every three export dollars 
earned by its citizens. Sheep and beef farming is an integral part of this industry. The 
agriculture industry in New Zealand is inherently different from many other nations in 
that it relies almost solely on grass as the feed source. Producers focus on efficient 
production of temperate grass and legume species and animals graze outdoors 
utilising the forage resource. In the absence of available grain for stock feed, the 
system has evolved over time to become one of the most efficient and productive 
grass based industries internationally and is renowned for its economies of scale and 
novel systems of management which enable it to be at the forefront of modern 
agricultural industries globally.  
 
The New Zealand beef industry is the 4
th
 largest exporter of beef products in the 
world; it lies only behind the United States of America, Brazil, and Australia in terms 
of total beef exports yet accounts for only 8% of the global beef trade. It is an industry 
consisting of approximately 4.5 million cattle; one for each person in New Zealand 
and ranges from semi-extensive beef cow breeding herds to highly intensive bull beef 
rearing and finishing operations. The breeds of cattle are mostly Bos taurus: Angus 
(22%), Hereford (7%) and Friesian (22%); crosses such as Angus Hereford (11%) and 
Friesian Hereford (3%) and mixed breeds (29%); and a smaller number of exotic 
terminal breeds (6%) (Anonymous, 2010). Traditionally the New Zealand beef 
industry has consisted of breeding and finishing enterprises that were family 
operations. With the advent of efficient irrigation, much of this traditional dryland, 
lower input and production land has been converted to more intensive agribusiness 
farming operations. As a result, profitability and economies of scale are seen through 
larger operations which are focused on aspects of performance and production; this is 
particularly true in the Canterbury region where considerable large scale conversions 
to dairy farming have taken place in the last 15-20 years. Many other properties are 
now applying irrigation to their land and changing to other more productive 
enterprises such as intensive beef finishing and dairy grazing operations. 
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Pasture-based, bull-beef finishing systems are an integral part of the agriculture 
industry in New Zealand. In 2010, beef production from bulls contributed 18% of 
total adult cattle slaughtered (Table 1.1) with the highest number of bulls slaughtered 
in 2003 (Table 1.1) and a declining number since then (Anonymous, 2011). On 
average over the last 15 years, bulls have accounted for 22% of the total adult cattle 
slaughtered between 1995 and 2010 in New Zealand.  
 
Table 1.1.  The total number of bulls and adult cattle slaughtered and the number of 
bulls as a percentage of total adult cattle slaughtered in New Zealand from 1995 to 
2010. Cited from Anonymous, (2011). 
Year 
Number of bull 
slaughtered 
Number of adult cattle 
slaughtered 
Bull % of total adult 
cattle slaughtered 
1995 497,264 2,426,979 20 
1996 440,568 2,458,679 18 
1997 354,127 2,434,648 15 
1998 335,518 2,375,474 14 
1999 419,204 2,244,874 19 
2000 520,951 2,199,721 24 
2001 620,651 2,138,681 29 
2002 628,421 2,220,591 28 
2003 681,508 2,551,763 27 
2004 657,831 2,626,619 25 
2005 565,837 2,439,273 23 
2006 542,104 2,370,206 23 
2007 506,429 2,228,050 23 
2008 558,110 2,424,081 23 
2009 440,335 2,370,852 19 
2010 436,667 2,430,213 18 
Mean 512,845 2,371,294 22 
 
When these data are segregated into total kilograms of carcass weight; 23% of total 
exported beef production tonnage was accounted for by bull beef in 2010 (Table 1.2). 
Since 2003 until 2010, there has been a 35% decline in the total amount of bull beef 
exported and this has accounted for a 10% reduction in the proportion of bull beef to 
total adult cattle carcass weight exported (Table 1.2). Over the last 15 years the 
proportion of total bull carcass weight has accounted for 28% of the total amount of 
adult cattle carcass weight exported from New Zealand. 
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Table 1.2. The total kilograms (kg) of bull export carcass weight, export adult cattle 
carcass weight (kg) and the percentage of bull carcass weight in proportion to total 
export adult cattle carcass weight slaughtered in New Zealand from 1995 to 2010. 
Cited from Anonymous, (2011). 
Year 
Total kg of export bull 
carcass weight (kg) 
slaughtered 
Total kg of export adult 
cattle carcass weight 
(kg) slaughtered 
Bull % of total export adult 
cattle kg carcass weight 
slaughtered 
1995 143,988,170 519,113,024 28 
1996 127,314,245 514,354,981 25 
1997 109,806,784 519,166,523 21 
1998 100,650,675 497,536,312 20 
1999 123,341,662 495,171,457 25 
2000 159,005,886 514,923,836 31 
2001 187,009,952 522,502,750 36 
2002 186,761,326 529,150,314 35 
2003 207,571,664 621,580,181 33 
2004 201,604,034 642,969,476 31 
2005 176,432,548 607,062,725 29 
2006 168,015,927 594,862,030 28 
2007 155,229,824 556,030,317 28 
2008 164,813,992 593,049,045 28 
2009 133,796,865 574,790,941 23 
2010 134,149,065 595,393,242 23 
Mean 154,968,289 556,103,572 28 
 
The beef industry is an important adjunct to the dairy industry and complements it in 
utilising many of the bull calves which are born on dairy farms and then sold on for 
growing and finishing on beef farms. In these intensive beef finishing enterprises, 
there are two distinct components; the initial rearing of calves to 100 kg liveweight 
(LW) and the intensive growing of these animals to slaughter at approximately 550 kg 
LW. Bulls of predominantly Friesian genotype are born on dairy farms, removed from 
their dams within 24 h of birth, housed and fed colostrum daily for approximately 
four days. These animals are then usually sold onto calf rearing enterprises where they 
are fed a milk powder based diet until weaning at six weeks of age. At this stage 
animals are progressively transitioned to a pasture based diet and grown to 100 kg 
LW. During this rearing period, animals are usually offered a meal base diet ad lib for 
rumen development, during the weaning process, their reliance on this calf meal as a 
source of nutrition increases but is progressively replaced when bulls are put out on to 
pasture. When the bulls reach approximately 100 kg LW, they are then on sold to 
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finishers (for further information, see (Muir et al., 2002; Muir, 2009). Those bulls 
which are sold to intensive finishing operations are usually raised in small groups of 
10-20 animals which are shifted daily and fed ad lib diet of pasture throughout the 
late summer period ensuring to maintain pasture quality by keeping post-grazing 
pasture mass to not less than 1500 kilograms of pasture dry matter per hectare (kg 
DM/ha). During the late autumn-winter period, these bulls (approximately 200 kg 
LW) are fed a diet of pasture and forage based supplement or winter feed crop such as 
kale to achieve winter live weight gains (LWG) of around 0.5 kg LWG/d. This system 
of operation allows the enterprise to be profitable due to the low use of relatively high 
cost, high quality supplements during this winter period (Cosgrove et al., 2003). 
There have been several reviews of the role of nutritive characteristics of pasture as a 
source of feed for ruminants in New Zealand (Kolver, 2003; Waghorn and Clark, 
2004) and specifically for bull beef systems (Machado et al., 2005). 
 
This system of operation also utilises compensatory growth characteristics in the 
spring period where there is considerable growth of high quality pasture and masses 
allowing feed intakes to be at maximum hence very high animal LWG and 
performance throughout this period. It would be expected that 50-60% of animals 
raised under these operations would reach their slaughter LW of 550 kg at 18-20 
months of age with the balance carried through a second winter fed a maintenance 
diet, and killed at around 30 months of age following compensatory growth in spring. 
Much of these bull beef production systems are slaughtering animals at 15-20 months 
of age with carcass weight being in excess of 300 kg. Slaughtering of these bulls at 
around 18 months of age is also the most efficient in terms of feed conversion 
efficiency, productivity and profitability (Table 1.3) and allows higher and more 
efficient profit margins for the farmer (Nicol, 1999; McRae, 2003).  
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Table 1.3. The calculated total feed consumed (kg DM/animal), carcass weight, feed 
conversion efficiency and anticipated performance of various beef production systems 
in New Zealand. Adapted from Nicol, (1999). 
System 
DM 
consumed 
kg/animal 
Carcass 
weight gain 
(kg) 
Feed 
efficiency (kg 
DM/kg beef) 
Carcass weight 
/Tonne DM 
consumed 
$/kg liveweight for 
same margin 
18 month 
bulls - 
slaughter 
3700 220 16.8 59 2.6 
18 month 
bulls - store 3550 195 18.2 55 2.2 
2.5 bulls 
(2 years) 5375 280 19.2 52 2.55 
18 month 
steers 2875 140 20.5 49 1.12 
2.5 steers 
(2 years) 4810 230 20.9 48 1.41 
2.5 bulls 
(1 year) 2705 120 22.5 44 1.27 
18 month 
heifer 1950 80 24.4 41 1.08 
 
These systems of animal production require intensive and concise management to 
ensure the high animal performance is made and involve large intakes of pasture 
especially throughout the spring and summer period. The beef from these operations 
is very lean and mostly exported to Northern America where it is utilised with the 
trimmings of the beef industry and primarily utilised as manufacturing beef for the 
production of ground beef. 
As with any industry, there are issues which limit the system from obtaining its 
potential optimum. One of these is restriction on animal performance. Whether these 
limitations are imposed through abiotic/biotic factors or financial variability, they all 
influence the productivity of the system and in turn the profitability. Most restrictions 
to productivity on farm are related to constraints based on the interactions of 
nutritional intake, animal health and performance. One particular observed interaction 
which seems to be increasing in significance in the New Zealand pastoral based 
agriculture industry is the possible interaction between animal nutrition and the 
incidence of liver abscessation in intensively managed cattle (Gibbs et al., 2008). This 
includes animals from both dairy and bull beef production systems. This interaction 
has been well documented and established in the international feedlot industry 
(Nagaraja and Lechtenberg, 2007) but there is little reliable information about this 
disease in New Zealand. This interaction is of particular importance to the bull beef 
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industry whereby affected animals may be less productive than their unaffected 
cohorts, as is reported in the international feedlot industry; (Brink et al., 1990). There 
is also sudden animal death (Pickering, 2004) and losses imposed when affected 
animals are slaughtered due to carcass condemnation. These losses in animal 
performance have been reported to result in indirect and direct losses of productivity, 
and as a result affect the profitability of the entire beef industry, therefore it is an area 
which needs considerable work to identify the causative factors and possible control 
or mitigation techniques to minimise losses to the industry. Using international data 
on the incidence and cost of this disease, estimates of the cost of liver abscessation to 
the New Zealand beef industry indicate that it could be exceeding $5,700,000 
annually (Chapter 2).  
 
Traditionally, liver abscessation has been considered a disease of cattle fed 
concentrate dominant rations, with pasture based cattle not considered to be at risk. 
The aetiology has been comprehensively described in feedlot cattle (Nagaraja et al., 
1996a), where the primary driver appears to be rumen epithelial damage secondary to 
rumen pH disorder. However, in recent years there have been anecdotal reports from 
meat processing companies of an increase in incidence in slaughter bulls in New 
Zealand, where rumen pH disorders are not typical. While the estimates of the disease 
in international intensive grain fed feedlot systems, where a considerable body of 
research has been reported, appear higher (Nagaraja and Lechtenberg, 2007), the 
anecdotal reports suggest the incidence in New Zealand beef bulls is inexplicably 
high. There is ample literature on the problem, and associated management systems to 
control the prevalence of liver abscesses occurring in feedlot systems (Nagaraja et al., 
1996b). Several authors have reported reduced live weight gain in beef animals under 
these conditions due to liver abscessation (Brown et al., 1973; Brink et al., 1990). The 
prevalence of liver abscesses in feedlot cattle generally ranges between 12-32% of 
animals slaughtered but can be as low as 1-2% to as high as 90 or 95% in individual 
groups of grain-fed cattle (Brink et al., 1990; Nagaraja and Chengappa, 1998).  
 
No research has been conducted on the incidence of abscessation in pasture fed cattle, 
nor any work evaluating the effects on animal productivity or any variations in the 
aetiology of liver abscessation in this production system. This project was designed to 
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investigate the incidence and aetiology of liver abscessation in pasture based dairy 
beef bulls in New Zealand. The overarching hypothesis of this thesis is that there are a 
series of structural changes which occur in the rumen of intensively managed pasture 
fed bull beef cattle that cause an increase in the F. necrophorum population in the 
rumen in the spring season. These F. necrophorum then passively migrate through the 
ruminal wall and cause liver abscessation but not as a function of rumen acidosis in 
the rumen rather a structural series of changes which occur as a function of the winter 
to spring transition diet change.  
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2 CHAPTER 2. LITERATURE REVIEW 
2.1 Introduction 
The objective of this project is to investigate the incidence of liver abscessation in 
pasture based bull beef operations, and establish if the aetiology of the disease in 
these production systems is the same as described for feedlot fed cattle. To do so, any 
link between the typical management system used by producers in New Zealand and 
the rate of liver abscessation must be established. Any such association might then 
allow for changes in management to reduce the incidence and reduce the associated 
costs to the New Zealand beef industry. 
 
The purpose of this literature review is to document the importance of liver abscesses 
to the beef industry both economically and in terms of animal welfare, and detail the 
known aetiology. There are differences in the susceptibility of different animals and 
breeds to abscessation, and under feedlot systems there are a wide range of mitigation 
opportunities described in the literature. These issues will also be discussed within 
this review. The final component of this review details the principles of the techniques 
used for exploring liver abscessation in this thesis. 
2.2 Incidence of liver abscessation in New Zealand pasture 
based cattle 
To date, there have not been any formal assessments of the incidence of liver 
abscessation in New Zealand cattle, and no published values for incidence 
internationally in pasture based cattle.  
2.3 Economic Importance- New Zealand context 
Due to the lack of data on the incidence of liver abscessation in New Zealand systems, 
there have been no formal attempts to establish the cost of the disease to the national 
industry. However, similar exercises have been conducted internationally. These 
estimates include the losses through condemnation of the animal’s liver through to 
sub-clinical losses of live weight gain, due to reduced liver function, fading bull 
syndrome, reduced dressing out percentage and the occurrence of sudden death of 
prime bulls ready for slaughter. Table 2.1 shows an estimate of the potential cost to 
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the New Zealand industry, using bull beef as an example, and deriving the calculated 
losses from the international data. The assumptions of the calculated estimates are as 
follows:  
 436667 bulls were slaughtered in the year ending 2010 (Anonymous 2010) 
 Anecdotal reports of incidence of liver abscessation in the New Zealand  
bull beef industry: 10% 
 The weight of a bulls liver available for sale weighs 6 kg 
 The value of a cattle beast liver is $1/kg 
 The mean carcass weight of all bulls slaughtered is 320 kg 
 The proportion of animals that require carcass trimming is 5% of animals 
recorded severe abscessation and that 2 kg CW is removed as a result  
 The incidence of total carcass condemnation is 1 bull per 1000 
 Value of saleable carcass weight is $3.50/kg 
 The incidence of sub-clinical losses is the incidence of severe abscessation  
at 66% of the total liver abscessation incidence 
 The incidence of sudden death syndrome is 1 bull per 1000 
 The incidence of fading bull syndrome is 1 bull per 1000 
 
Based from the 2010 slaughter season, liver abscessation may be costing the industry 
in excess of $5,700,000 annually with 54% of those costs being attributed to the sub-
clinical losses and anticipated reductions in the weight of saleable meat as a result of 
reduced animal performance. The other major cost expected would be the costs 
associated with trimming of carcasses as a result of contamination from severe 
abscessation which has been shown internationally to be required, resulting in direct 
losses of trimming and also decreased efficiency of the slaughter chain whilst 
carcasses are being processed. 
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Table 2.1. An estimate of the 2010 annual economic losses and effects of liver abscessation to the New Zealand bull beef industry 
Cost of condemned livers 
      
Total bulls 
slaughtered 
Proportion of livers 
condemned 
Weight of the liver (kg) Liver value ($/kg) 
  
$ Proportion 
436667 0.1 6 1 
  
$248,900 4 
Carcasses condemned due to liver abscessation (septicaemia) 
     
Total bulls 
slaughtered  
Proportion carcasses 
condemned 
Average carcass weight 
(kg) 
Value of saleable 
carcass weight ($/kg)    
436667 
 
0.0001 320 3.5 
 
$48,907 1 
Reduction in carcass weight  as a result of required trimming 
     
Total bulls 
slaughtered 
Proportion affected 
Proportion of animals  
require trimming   
Mean carcass weight lost 
due to trimming (kg)   
436667 0.0627 0.05 320 3.5 2 $1,523,643 27 
Reduction in saleable meat yield due to sub-clinical losses in LWG 
     
Total bulls 
slaughtered 
Proportion affected Reduced carcass weight 
     
436667 0.0627 0.1 320 3.5 
 
$3,066,450 54 
Losses due to sudden death syndrome 
      
Total bulls 
slaughtered 
Death rate 
      
436667 0.001 
 
320 3.5 
 
$489,067 9 
Losses due to fading bull syndrome 
      
Total bulls 
slaughtered 
Proportion affected 
Proportion of those which 
die/sacrificed 
Reduced carcass weight 
of those which don’t 
perish 
    
436667 0.001 0.5 0.2 3.5 reduced CW kill $97,813 2 
     
Deaths $244,534 4 
TOTAL 
     
$5,719,314 100 
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2.4 Features of the nutrition-liver abscess interaction in 
feedlot cattle 
2.4.1 Introduction 
This section of the literature review will deal with research conducted on liver 
abscessation under feedlot conditions where animals are fed predominantly total 
mixed ration (TMR) diets. Under these conditions, especially during the finishing 
phase in which animals are prepared for slaughter, they are fed large amounts and a 
high proportion of their diet consisting of highly digestible ‘concentrate’ feed. The 
fermentation characteristics and associated problems of rumen function under these 
conditions have been extensively evaluated ((Fulton et al., 1979; Smith, 1998; Tajima 
et al., 2000; Galyean and Rivera, 2003; Schwartzkopf-Genswein et al., 2003; Brown 
et al., 2006; Nagaraja and Lechtenberg, 2007). The review will not extensively detail 
rumen fermentation patterns but rather focus upon attributes of rumen function that 
have been recorded as causative and associated factors involved with feedlot feeding 
operations and their link with the incidence of liver abscessation. 
2.4.2 International incidence 
Mean incidence of liver abscessation in grain-fed cattle has been reported to be as low 
as only 1-2% to as much as 90-95% of cattle slaughtered  but in most feedlots it has 
been most often recorded between the range of 12 to 32% (Brink et al., 1990). There 
are many factors which appear to be associated with the condition including the level 
of feeding, age of the animal and particularly the quality aspects of the feed which the 
cattle are offered. There have been numerous trials conducted throughout North 
America examining and comparing the incidence of liver abscessation. A summary 
table of many of these trials is shown in Table 2.2. Under these conditions the 
incidence of liver abscessation ranges from 10.4 to 56.2%, with the mean of all trials 
being 28%. There is also a considerable range in the proportion of animals suffering 
from large abscesses (A+) with the range varying from 6.7 to 18.3% of all animals 
slaughtered in a selection of research articles (Table 2.2). 
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Table 2.2. Published studies reporting liver abscess incidence and severity of 
abscessation (%) (Data is raw and non-transformed) from control animals in trials 
conducted under feedlot conditions. Grading of liver abscess score equates to: 0 is an 
un-abscessed healthy liver, A- is 1-2 abscesses or scars present  < 2.5 cm in diameter, 
A = 2-4 active abscesses < 2.5 cm in diameter, A+ is 1 or more active abscesses > 2.5 
cm in diameter and portions of the diaphragm may be adhered to the surface of the 
liver. 
Total recorded 
liver abscess 
incidence (%) 
Grading of liver 
abscess severity 
(% of total) 
Reference 
 
A+ A A- 0 
  
24.8 
    
(Foster and Woods, 1970) 
23.1 NA (Brown et al., 1973) 
56.2 18.3 28.2 9.7 44 (Brown et al., 1975) 
29 NA (Heinemann et al., 1978) 
10.4 NA (Pendlum et al., 1978) 
27.1 NA (Potter et al., 1985) 
     
(Montgomery, 1985) 
33.6 17.7 8 7.9 66 (Rogers et al., 1995) 
28.4 12.7 6.5 9.2 72 (Brink et al., 1990) 
23.8 NA (Clary et al., 1993) 
27.2 NA (Vogel and Laudert, 1994) 
18.4 6.7 4.2 7.5 82 (Nagaraja et al., 1999a) 
31 16 4 11 69 (Jones et al., 2004) 
NA 16.7    NA NA     83.3 (Checkley et al., 2005) 
29.3 NA (Vogel et al., 2006) 
27.9 9.7 2.1 16.1 72 (Meyer et al., 2009) 
56.6 19.5 16 19 19.5 (Fox et al., 2009) 
 
O’Sullivan, (1999) recorded the incidence of hepatic abscesses in slaughtered heifers 
from Ireland. The data file consisted of 6337 animals sourced from 10 domestic 
abattoirs over two years. Incidence of lesions was 5.8% and abscessation occurred in 
only 1.9% of all cattle slaughtered. The killing age range was between 12-16 months 
and animals weighed 400 to 420 kg live weight at slaughter. According to the author, 
the majority of these animals were raised and finished on a pasture-silage diet and 
only where necessary were fed 2-3 kg concentrate feed for 6 weeks before slaughter. 
This is in comparison to North American steers and bulls which are predominantly 
fed on feedlot- high concentrate feed intake diet.  Assuming scarring represented old 
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and reabsorbing hepatic abscesses, maximal abscessation was recorded at 3.1% of all 
animals slaughtered (Table 2.3).   
 
Table 2.3. Types of lesions found in 120 animals with abscessed livers from County 
Cork, Ireland. Adapted and amended from O’Sullivan, (1999). 
Type of lesion   Number of livers (%) 
Abscess     
 Single- large (>4cm)  53 (44.2)  
 Single- small  44 (36.6)  
 Multiple (>2)  23 (19.2)  
 Ruptured   10 (8.3)  
 Resolving   20 (16.6)  
       Adhesions     
 Diaphragmatic/pulmonary 43 (35.8)  
 Other- viscera, peritoneum 3 (2.5)  
       Other lesions     
 Scarring   12 (10)  
 Liver fluke  2 (1.7)  
2.4.3 Economic Importance in the feedlot industry 
Liver abscesses are a serious economic issue and can severely limit the profitability of 
intensively managed operations directly through reduced carcass yield and animal 
performance and indirectly through management strategies such as the use of 
antibiotics to control their prevalence. The rejection for processing of the liver itself 
(approximately 2% of the carcass) has a significant financial aspect with the greatest 
economic effect of liver abscessation being related to reduced animal performance 
and a reduction in carcass yield at slaughter (Nagaraja et al., 1996b). 
 
With an increase in the intensification of farming systems (i.e. feedlot systems) comes 
an improvement in the data recording and record keeping of farmers. This has allowed 
measurement and analysis of a range of animal related factors and hence an analysis 
of the effects of liver abscesses on factors such as feed intake and feed efficiency as 
well as rate of LWG and the carcass dressing out percentage. A number of 
comparisons of cattle with or without abscesses have documented reduced feed 
intake, reduced liveweight gain, decreased feed efficiency, and a lower carcass 
dressing out percentage in those animals with abscessed livers (Nagaraja et al., 
1996b); see Section 2.4.4. Liver abscesses in feedlot cattle are a serious economic 
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problem, causing condemnation of over 3 million livers and an estimated direct loss 
of $15 million annually in the United States of America (Nagaraja et al., 1996b). This 
estimate is based primarily on condemnation of liver and other organs, and does not 
include economic losses stemming from reduced feed efficiencies and lowered weight 
gains which are considerably more difficult to estimate. A number of studies have 
confirmed that cattle with severely abscessed livers have a reduced LWG (mean 
approximately 4-5%) feed efficiencies (average 7% reduction) compared with cattle 
having non-abscessed livers (Brink et al., 1990; Brown and Lawrence, 2010). 
2.4.4 Effects of liver abscessation on animal performance 
Animal production characteristics such as LWG, feed conversion efficiency, carcass 
composition and carcass dressing out % have been recorded and have been related to 
the degree of liver abscessation observed at slaughter of feedlot cattle. Table 2.4  
summarises Brink et al., (1990) which related the severity of liver abscesses and its 
association with feed intake and feed conversion efficiency of 566 feedlot cattle. 
Mean incidence of liver abscessation was found to be 28%. Only animals which had 
livers graded as A+ abscessation (1 or more active abscesses > 2.5 cm in diameter and 
portions of the diaphragm possibly adhered to the surface of the liver) had 
significantly lower mean daily feed intake, LWG and feed conversion efficiency in 
comparison to animals with no liver abscessation. Animals scored as having liver 
abscesses A-, or A were found to show no measurable effect on animal LWG, feed 
intake or feed conversion efficiency (Brink et al., 1990; Nagaraja et al., 1996b). 
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Table 2.4. The relationship between severity of liver abscessation, daily feed intake 
(kg DM/d), liveweight gain (LWG), feed conversion efficiency (FCE) and carcass 
dressing out percentage (CDO) in feedlot cattle. Liver score 0 is an un-abscessed 
healthy liver, A- is 1-2 abscesses or scars present  < 2.5 cm in diameter, A = 2-4 
active abscesses < 2.5 cm in diameter, A+ is 1 or more active abscesses > 2.5 cm in 
diameter and portions of the diaphragm may be adhered to the surface of the liver. 
Adapted and amended from Brink  et al., (1990). 
Factor  Liver abscess score 
  0 A- A A+ 
Number of steers  405 52 37 72 
Daily feed intake (kg DM)  8.39 8.27 8.42 7.96 
LWG (kg/day)  1.27 1.23 1.24 1.15 
FCE  6.8 6.62 6.8 7.46 
CDO %  61.5 61.6 61.5 60 
 
 
 
 
 
 
 
Table 2.5 shows data from  Montgomery, (1985) involving 1447 cattle and shows the 
effect that A+ abscesses had on the carcass characteristics. The carcasses of animals 
graded A+ livers had an on average, 11.6% lighter hot carcass weight, a 1.6% lower 
dressing out percentage and required almost twice as much trimming due to adhesion 
of abscessed livers to the animal’s diaphragm in comparison to those cattle which had 
normal livers.  
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Table 2.5. The effect of liver abscesses on beef carcass characteristics. Liver abscess 
scores equate to: 0 is an un-abscessed healthy liver, A- is 1-2 abscesses or scars 
present  < 2.5 cm in diameter, A = 2-4 active abscesses < 2.5 cm in diameter, A+ is 1 
or more active abscesses > 2.5 cm in diameter and portions of the diaphragm may be 
adhered to the surface of the liver (Brent, 1976). Adapted and amended from 
Montgomery, (1985). 
Factor 
  
0 A- A A+ P value 
Animal LW (kg) 
Incidence (%)  
490d 
(80.6%) 
480d 
(11.3%) 
473d 
(3.1%) 
442e 
(4.98%) 
<0.01 
Hot Carcass weight (kg) 310d 302d 300d 274e <0.01 
Carcass dressing out % 63.3d 62.8d 62.7d 61.7e <0.01 
Fat thickness (cm) 
 
1.1d 1.1d 1.13d 0.98e <0.01 
USDA yield grade 
 
2.54 2.46 2.47 2.4 0.28 
USDA quality grade 
 
2.27 2.31 2.4 2.23 0.31 
Trim due to abscesses (% of CW) 0.0214 0.0205 0.0424 0.4538 <0.01 
Means in the same row but with different subscripts differ (P<0.05). USDA yield and grade quality 
grading system, good = 2 and choice = 3 
 
There is currently no published work on the effects of liver abscessation on animal 
performance in New Zealand, or pasture based systems internationally. 
 
2.4.5 Current proposed aetiology of liver abscessation  
The accepted aetiology of liver abscessation under intensive feedlot systems is 
presented in Figure 2.1.  
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Figure 2.1. The stages of disease progression which culminate with liver abscesses 
under feedlot rations of starch concentrates (box represents the contents of the 
reticulo-rumen). Adapted and amended from Nagaraja et al., (1996b).  
2.4.6 Acidosis 
Acute acidosis (typically characterised by a severe reduction in the pH of the rumen 
(≤5.0 units) involves the build-up of short chain volatile fatty acids (SCVFA) in the 
rumen and a declining pH as a result of ingestion of large quantities of rapidly 
fermentable carbohydrates in a short period of time. The syndrome of both acute and 
sub-acute acidosis (SARA) in ruminants has been extensively reviewed (Nocek, 1997; 
Goad et al., 1998; Owens et al., 1998; Oetzel, 2003; Stone, 2004; Marie Krause and 
Oetzel, 2006; Nagaraja and Titgemeyer, 2007; Bramley et al., 2008; Enemark, 2008; 
Plaizier et al., 2008) and will not be covered here in detail.  
 
Over-consumption of large quantities of easily degradable carbohydrates results in a 
large quantity of SCVFA being produced as a function of high fermentation rates by 
bacteria in the rumen. The clinical symptoms of acidosis vary depending on the types 
and amounts of easily degradable carbohydrate consumed. In situations where cattle 
are switched abruptly to feeds with a high grain component, the rumen can become 
severely acidotic; predominantly caused by growth of starch fermenting, lactate 
producing bacteria (particularly Streptococcus bovis and Lactobacillus species; 
(Owens et al., 1998)).  The most critical feature of acidosis is the pH and buffering 
Animal consumes a large quantity of rapidly 
fermentable carbohydrates 
Sub acute ruminal acidosis 
Proliferation of bacterial species, 
Particularly Fusobacterium necrophorum 
Rumenitis and appearance of abscesses 
on ruminal wall 
Bacteria escape through wall of the rumen and 
enter the portal circulatory system 
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capacity within the rumen, which not only relates to microbial growth rates and shifts 
in ruminal populations of bacteria but also significantly influences the systematic 
metabolic state and the ability of the animal to catabolise or excrete certain 
metabolites (Nocek, 1997). The issue of SARA is thought to generally occur in 
conditions where rumen pH is between 5.0-5.5 units and can lead to damage of the 
rumen wall if present for extended periods of time (Oetzel, 2003). Where SARA or 
acute acidosis has occurred, this can then lead to rumenitis. The currently accepted 
physiological symptoms of SARA can vary considerably depending on a range of 
rumen function and feed factors.  
 
Recent work evaluating the pH environment in intensively managed pasture based 
dairy cattle shows rumen pH routinely reaching values below the apparent critical 
threshold of 5.5 units and yet there is no evidence of rumen dysfunction commonly 
associated with SARA (Gibbs and Laporte-Uribe, 2007). Similar work under 
intensive pastoral based feeding systems has also shown pH values with a mean of 
around 5.8 units with no indication of reduced animal performance or rumen 
dysfunction occurring (Kolver, 1998; de Veth and Kolver, 2001b; Taweel, 2004; 
Williams et al., 2005).  
2.4.7 Rumenitis 
Ruminal epithelial cells are not protected by mucus secretion (as are abomasal cells) 
which means they are particularly vulnerable to chemical damage; for instance, by 
acidity. Sustained low rumen pH can lead to rumenitis which typically involves 
erosion and ulceration of the rumen epithelium. Even relatively brief periods of sub-
acute acidosis can cause inflammation, ulceration, and scarring of the ruminal wall 
(Owens et al., 1998). Oetzel, (2003) pointed out that rumenitis is the fundamental 
lesion of SARA and it can lead to delayed, chronic health problems in cattle, 
especially if low pH conditions occur for an extended period of time. Rumenitis is 
usually associated with an abrupt and a sudden change to energy dense diets (for 
example, cereal grain based; see Steele et al., (2009) for a case report of grain induced 
metabolic acidosis). Other diet shifts such as abrupt changes in feed types or times, 
fluctuating intake patterns and low roughage diets are also implicated in causing 
SARA conditions in the rumen and can cause rumenitis (Marie Krause and Oetzel, 
2006; Nagaraja and Titgemeyer, 2007). Roughage is important in feedlot rations, as it 
19 
 
dilutes the energy density of the diet while stimulating rumination and its associated 
influx of alkaline buffer agents from saliva production (Holden et al., 1994; Allen, 
1997).  
 
The rumen epithelium can also be damaged through penetration of foreign objects (for 
example, cow hair) which can further aggravate rumenitis (See Section 2.4.10 for 
more detail).   
2.4.8  Associated bacteria 
2.4.8.1 Fusobacterium species 
The bacterial flora in liver abscesses isolated from cattle on feedlots is well described, 
with the earliest report occurring in the late 19
th
 century (McFadyean, 1890-1891). 
The vast majority of reports (Simon and Stovell, 1971; Scanlan and Hathcock, 1983; 
Nagaraja et al., 1996b, 1996a; Nagaraja and Chengappa, 1998; Smith, 1998) have 
concluded that Fusobacterium necrophorum is the primary causative agent of liver 
abscesses in feedlot cattle.  Its incidence in cultured liver abscesses ranges between 85 
to 100% of cases. However F. necrophorum has often been found in abscesses with a 
number of associated anaerobic and facultative bacteria species (Scanlan and 
Hathcock, 1983) as well as singularly in some instances (Berg and Scanlan, 1982; 
Lechtenburg et al., 1988). 
 
F. necrophorum is a gram negative, non-motile, non-sporulating and rod shaped 
bacterium (Langworth, 1977) and one of its important characteristics is its ability to 
produce propionic acid from lactic acid. It is a normal inhabitant of the gastro-
intestinal tract of both animals (Tadepalli et al., 2009) and humans (Sato and 
Nakajima, 2005; Storm and Kristensen, 2010) and is typically found within the rumen 
at concentrations of 10
5
 to 10
6
 per gram of ruminal contents with variations occurring 
dependent on the diet of the animal (Tan et al., 1994a; Nagaraja et al., 2005). Using 
the most probable number technique (MPN), Tan et al. (1994a) found populations of 
F. necrophorum increased near tenfold as cattle changed from high roughage (7 x 
10
5
/g) to high grain (3 to 7 x 10
6
/g) diets. As F. necrophorum can utilise lactic acid 
(rather than sugars) as its major carbohydrate source, the increased population in 
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cattle fed the high grain diet is probably in response to increased lactic acid 
concentration within the rumen (Nagaraja et al., 1996a). 
 
F. necrophorum has traditionally been classified into four biotypes or biovars: A, B, 
AB and C, but these have recently been reclassified into different taxonomic groups. 
Biotype A is now called F. necrophorum necrophorum and B is named F. 
necrophorum funduliforme. These two subspecies differ in cell morphology, colony 
characteristics, growth patterns in broth, extracellular enzymes, haemagglutination 
properties, haemolytic activities, leukotoxin activities, chemical composition of 
lipopolysaccharide (LPS), and virulence in mice (Langworth, 1977; Scanlan and 
Hathcock, 1983; Nagaraja et al., 1996a; Tan et al., 1996; Nagaraja et al., 2005). 
Subspecies F. n. necrophorum is more frequently found in animal infections than 
subspecies F. n. funduliforme, with the latter being mostly found in infections which 
contain a mixed flora of bacteria (Langworth, 1977; Lechtenburg et al., 1988; Scanlan 
and Edwards, 1990). However, F. n. funduliforme is considered to be the most 
pathogenic in human infections and is frequently isolated from throat swabs and is 
recognised to cause Lemierre's syndrome in humans (Lemierre, 1936; Aliyu et al., 
2005; Jensen et al., 2007; Riordan, 2007).  
 
Biotype AB has been isolated from ovine liver abscesses and has been reported to 
have similar characteristics to both F. n. necrophorum and F. n. funduliforme. Based 
on 16S ribosomal RNA sequence it is closely related to both of these subspecies and 
as such its specific taxonomic status is currently unresolved (Nicholson et al., 1994) 
cited from Nagaraja et al., (2005). Biotype C is non-pathogenic and was initially 
named F. pseudonecrophorum, based on DNA-DNA hybridisation analysis and 
comparison of the 16S-23S intergenic spacer region sequence analysis. It is currently 
considered identical to F. varium {(Bailey and Love, 1998; Jin et al., 2002) cited from 
Nagaraja et al., (2005)}. F. necrophorum has also been implicated as the primary 
pathogen in necrotic laryngitis (calf diphtheria), footrot in sheep (Bennett et al., 2009) 
and foot abscesses in cattle (Emery et al., 1985; Tan et al., 1996). 
2.4.8.2 Other bacterial species 
Other bacterial flora isolated from liver abscesses include Arcanobacterium pyogenes 
(previously Actinomyces pyogenes) (Berg and Scanlan, 1982; Lechtenburg et al., 
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1988), Bacteroides species, Clostridium species,  Mobiluncus species, Mitsuoeklla 
species, Pasteurella species, Peptostreptoccus species, Porphyromonas species, 
Provetella species, Propionibacterium species,  Staphyloccus species, Streptococcus 
species and a range of other unidentified gram-negative and gram-positive bacteria. 
Recent reviews (Nagaraja and Chengappa, 1998; Nagaraja and Lechtenberg, 2007) 
document the range and variety of different bacterial species found within liver 
abscess of infected cattle (Table 2.6).  
 
Of the more common associated bacteria involved in liver abscesses of feedlot cattle, 
A. pyogenes is most commonly found with F. necrophorum (Nagaraja et al., 1996a) 
and its incidence generally ranges between 2 and 20% of reported cases. A. pyogenes 
is a gram positive, pleomorphic, rod-shaped bacterium and is considered a facultative 
anaerobe (Narayanan et al., 1998; Nagaraja and Lechtenberg, 2007); it resides on the 
mucous membranes of cattle, sheep, swine, and other economically important 
animals. It has been commonly found in a wide range of infections, isolated both as a 
single or mixed infection with a wide range of bacterial species. It has been observed 
to cause a wide range of infections and diseases including infections of the visceral 
organs, joints of animals, mastitis and abortion. There is recent data that shows A. 
pyogenes contribution to the bacterial population of abscesses in feedlot cattle 
medicated in-feed with tylosin (an antibiotic) is considerably higher than non-
medicated cattle (53% versus 10%) (Nagaraja et al., 1999a). There is potential that 
these two species partake in a synergistic relationship and complement each other 
under tylosin medicated conditions, this is especially strange as A. pyogenes is highly 
susceptible to tylosin. The authors suggested that due to A. pyogenes being primarily 
an aerobic bacterium, in situations where it is on the rumen epithelium, the redox 
potential is sufficiently lowered allowing proliferation of F. necrophorum which then 
colonises and invades the ruminal wall; due to the highly toxic leukotoxin produced 
from F. necrophorum, both species of bacteria are protected from phagocytosis and 
then invade the liver, causing abscessation. As a product of metabolism, A. pyogenes 
produces lactate which F. necrophorum can then use as a substrate for growth and 
further proliferation. There has been no work published identifying the species of 
bacteria present in the liver abscesses of cattle grazing pasture. 
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Table 2.6. Bacterial flora of liver abscesses from grain fed cattle. Adapted and amended from (Nagaraja and Chengappa, 1998).  
Reference 
No. of livers 
examined 
No. of 
abscesses 
cultured 
Fusobacterium 
necrophorum 
(%) 
F. necrophorum 
as a pure 
culture (%) 
F. n. 
necrophorum 
(%) 
F. n. 
funduliforme 
(%) 
Arcanobacteria 
pyrogenes (%) 
Other 
bacterial 
species (%) 
(Newson, 1938) 100 100 96 85 
#
ND 
#
ND 2 1 
(Yamamota, 1938) 18 18 94 83 
#
ND 
#
ND 0 *NS 
(Madin, 1949) 55 109 85 68 
#
ND 
#
ND - 11 
(Fievez, 1963) 117 320 81 71 69 6 *NS 10 
(Aalbaek, 1971) *NS 16 100 75 75 25 *NS *NS 
(Simon and Stovell, 1969) 400 431 97 67 
#
ND 
#
ND 16 2 
(Hussein and Shigedi, 1974) 100 100 84 57 
#
ND 
#
ND - 13 
(Berg and Scanlan, 1982) 119 124 99 47 71 29 50 0 
(Lechtenburg et al., 1988) 28 49 100 47 57 47 35 6 
(Nagaraja et al., 1993) 41 41 100 31 100 15 10 29 
*
NS- not stated 
#
ND- not defined 
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2.4.9 Rumenitis-liver abscess complex 
The rumenitis-liver abscess complex is a term used to describe the apparent 
relationship between rumenitis and the occurrence of liver abscesses. Although the 
precise pathogenic mechanism is not understood, it is accepted that under feedlot- 
high concentrate feed environments, ruminal lesions that result from acidosis are the 
predisposing factors for hepatic abscesses (Nagaraja et al., 1996a). Bacteria in the 
rumen then invade and colonise the damaged rumen wall leading to abscesses and 
rumenitis. These abscesses then allow bacteria to escape through these lesions into the 
portal blood circulation system and are then trapped in the portal capillary system of 
the liver (Tadepalli et al., 2009). Species of bacteria such as F. necrophorum and A. 
pyogenes are very virulent which allows them to inhabit the liver causing abscesses.  
2.4.9.1 Virulence of F. necrophorum and A. pyogenes 
The propensity of both F. necrophorum and A. pyrogenes to cause disease in the host 
animal is described as their virulence; defined as the degree to which they can cause 
pathogenicity by suppressing attack from the immune system of the animal and 
subsequently establishing a viable population in the liver causing liver abscesses. F. 
necrophorum produces a leukotoxin which causes apoptosis in leukocytes and 
protects the bacterium from phagocytosis (Narayanan et al., 2002a; Narayanan et al., 
2002b; Nagaraja and Lechtenberg, 2007). This leukotoxin is a high molecular weight 
protein secreted by the bacteria which is cytotoxic to neutrophils, hepatocytes and 
possibly cells from the rumen (Narayanan et al., 2001; Narayanan et al., 2002b) 
 
In an  in vitro study on the effect of differing concentrations of extracted leukotoxin 
derived from F. n. necrophorum on the activity and apoptosis of bovine leukocytes 
and neutrophils; Narayanan et al., (2002b) reported that at very low concentrations of 
the leukotoxin (0.2-2U/ml), polymorphonuclear leukocytes (PMN) became activated. 
However when cells were exposed to concentrations of leukotoxin between 2 and 
20U/ml; neutrophils began to show signs of apoptosis. PMN leukocytes began to lose 
their uniform structure and as concentration of leukotoxin increased, they showed 
signs of apoptosis culminating in lysis at leukotoxin concentrations of 200U/ml.  
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(Tan et al., 1992, 1994b, 1996; Narayanan et al., 2002b) reported increased virulence 
of F. n. necrophorum in comparison to F. n.  funduliforme. The authors reported 
higher concentrations of the leukotoxin produced by F. n. necrophorum, and greater 
toxicity than F. n. funduliforme. This work is supported by Scanlan et al., (1982) who 
found only 7 and 15% of viable macrophages present after 6 h of exposure to 
leukotoxin produced by F. n. necrophorum in two distinct media versus 79  and 75% 
viable under F. n. funduliforme leukotoxin. The authors in this study used a mouse 
peritoneal macrophage monolayer assay to differentiate leukotoxin toxicity between 
these subspecies of F. necrophorum. 
 
Due to the higher concentration of leukotoxin produced by F. n. necrophorum, it is 
more commonly isolated from liver abscesses in comparison to F. n. funduliforme. 
The highly oxygenated environment of the liver is a factor which the bacteria need to 
overcome; it is also a very well-defended organ due to the relatively high presence of 
phagocytic cells (namely kuppfer cells and leukocytes). Both of these defences need 
to be overcome for bacteria to survive, populate and cause abscessation of the liver. 
Due to the destruction of phagocytes by leukotoxin, cytolytic products such as 
lysosomal enzymes and oxygen metabolites are produced which aid in the persistent 
ability of F. necrophorum to cause infection in the liver of feedlot cattle.  
 
 A. pyogenes produces a number of compounds which directly influence its 
pathogenicity. These include enzymes such as proteases, DNAses, and 
neuraminidases as well as exotoxins (hemolysin and/or leukotoxin) (Nagaraja and 
Lechtenberg, 2007). Billington et al., (1997) documented that the principal virulence 
factor of A. pyogenes is considered to be pylosin (a hemolysin).  
 
There has been no evaluation of the pathogenicity of either F. necrophorum or A. 
pyogenes in New Zealand cattle. 
2.4.10 Breed susceptibility 
North American work (Schroeder et al., 2003) based on 4.6 million feedlot cattle in 
which the overall incidence was 13.5% identified Holstein-Friesian steers had 
considerably higher abscessation incidence (23.4%) in comparison to other breeds 
(Figure 2.2). 
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Figure 2.2. The incidence of liver abscessation in feedlot cattle (heifers (black bar), 
steers (light grey bar) and Holstein type (dark grey bar) animals) (Schroeder et al., 
2003).  
The authors concluded that higher incidence in Holstein animals was most likely due 
to them being on feed for a longer period of time than compared to their beef 
counterparts, which is supported from previous literature. Hicks et al., (1990) found 
Holstein bred steers consumed on average 12% more dry matter than their beef breed 
cohorts. Furthermore, Holstein animals also have been shown to groom themselves 
more than other breeds, which increase the potential for aggravating rumenitis and 
acute or chronic inflammation of the ruminal wall through hairs getting stuck within 
the epithelium. Tanimoto et al., (1994) reported considerably more rumenal-abomasal 
damage and inflammation in individual Holstein steers which had been reported as 
more often licking their own as well as their counterpart’s coats for a period of three 
months (Table 2.7). When a group of cattle were separated and offered free access to 
a mineral supplement, the hair licking behaviour disappeared within three days. Upon 
slaughter of the hair licking animals, numerous hairs were found implanted into the 
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abomasal mucosa, especially in the region of the torus pyloricus. Hairs embedded in 
this region of the GIT gave the impression of a ‘worn out toothbrush’. Areas where 
hairs were implanted in the mucosa were frequently accompanied by scattered and 
severe abomasal lesions, erosions and ulcers, with the largest being 5 cm in diameter. 
When the surfaces of damaged areas were excised, thickening of the abomasal rugae 
and plicae were revealed. Upon inspection, the ventral area of the dorsal sac of the 
rumen was most damaged by rumenitis and hyperkeratosis characterised by short 
reddish edematous rumen papillae containing small numbers of trapped hairs. Some 
of the hair had actually penetrated into the ruminal mucosa and was associated with 
erosions and ulcers up to 1 cm in size.  
 
Table 2.7. Incidence of rumen-abomasal lesions in 30 hair licking steers and 600 
control steers. Adapted and amended from Tanimoto et al., (1994) 
 Hair licking steers (%) Control steers (%) 
Rumenitis 30 (100) 48 (8) 
Rumenal erosion 12 (40) 10 (2) 
Rumenal ulcer 12 (40) 10 (2) 
Rumenal hyperkeratosis 30 (100) 48 (8) 
Abomasitis 15 (50) 30 (5) 
Abomasal erosion 15 (50) 90 (15) 
Abomasal ulcer 15 (50) 90 (15) 
 
Work by Fell et al., (1972) also showed that the rumen epithelium of sheep fed high 
concentrate diets exhibited hypertrophic and hyperplastic changes but none of the 
inflammatory changes (e.g. edema, gradulation, exudation and abscesses) which are 
observed in cattle fed similar diets. However sheep fed 2 g/day of cattle hair mixed in 
their diet did produce ruminal lesions. Cattle which were prevented from licking and 
grooming their coats also had no inflammatory lesions within the rumen. It was 
considered that wool found in the rumen of sheep was too crimped and apparently 
prevented penetration of the epithelium. 
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2.4.11 Preventative techniques  
2.4.11.1 Antibiotics 
(a) Effect on Animal performance 
There is widespread use of antibiotics incorporated into feed under feedlot TMR, 
particularly in the USA. Antibiotics which have been registered for use by USA 
federal regulators in the prevention of liver abscesses include tylosin, virginiamycin, 
oxytetracycline, and bacitracin (Herrman and Stokka, 2002); (Table 2.8). 
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Table 2.8. Antibiotic substances which have been registered for use to reduce the incidence of liver abscessation (LA) by the United States of 
America Department of Agriculture. Data gathered from United States of America Feed Additive Compendium (2010). 
Antibiotic Primary antibiotic spectrum 
Absorption from 
gut 
Recommended 
dosage 
Withdrawal time 
(days) 
Typical reduction in 
LA incidence (%) 
Bacitacin Narrow (gram +) No 70 mg/h/d 0 
 
Chlortetracycline Broad (gram + and -) Yes 70mg/h/d 2 ≤21 
Oxytetracyline Broad (gram + and -) Yes 75mg/h/d 0 ≤55 
Tylosin Narrow (gram +) Yes 90 mg/h/d) 0 ≤75 
Virginiamycin Narrow (gram +) Minimal 13.5-16g/ton of feed 0 ≤38 
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Several trials have evaluated the use and effectiveness of antibiotics on growth and 
production parameters in feedlot cattle. As a result, all of the above products have 
been used to increase feed efficiency and LWG in feedlot cattle. Interestingly the 
minimum inhibitory concentrations of these antibiotics are apparently unrelated to 
their efficacy (Nagaraja et al., 1996a). Of the five most recognised antibiotics, the 
most effective seems to be tylosin, and it is widely used throughout the feedlot 
industry to prevent liver abscessation and for growth promotion. Vogel and Laudert, 
(1994) examined the effectiveness of adding tylosin to the feed of feedlot steers, 
(Table 2.9) and reported reduced liver abscessation (7.5% compared to 27.9%) in 
those animals fed tylosin in their feed in comparison to non-medicated animals. They 
also reported increased LWG, feed conversion efficiency and dressing out percentage 
in medicated animals at the same DMI. 
 
Table 2.9. The days on feed, incidence of liver abscessation, dry matter intake (DMI) 
(kg DM/d), liveweight gain (LWG), feed conversion efficiency (FCE) and carcass 
dressing out percentage (CDO)  in feedlot cattle with and without tylosin in feed. 
Adapted and amended from Vogel and Laudert, (1994). 
Factor Tylosin Non tylosin Improvement (%) 
Number of cattle 3700 3271 - 
Mean days on feed 134 134 - 
Liver abscess incidence (%) 7.5
a
 27.9
b
 73.1 
DMI (kg/day) 8.74 8.74 - 
LWG (kg/day) 1.32
a
 1.29
b
 2.3 
FCE 6.72
a
 6.9
b
 2.6 
CDO (%) 61.8
a
 61.65
b
 0.2 
 
Brown et al., (1973) assessed the effect of adding tylosin or chlorotectracycline to the 
feedlot rations of cattle at a rate of 75 or 70 mg/head/day respectively (Table 2.10). 
The addition of these two antimicrobial substances in the feed reduced abscessation 
by 67 and 21% respectively when compared to control animals. Recent work 
performed by Vogel et al., (2006) has also shown reductions in liver abscessation as a 
result of tylosin supplementation of a similar magnitude to those papers previously 
published. 
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Table 2.10. Effects of feeding tylosin or chlorotectracycline on the incidence of liver 
abscesses, liveweight gain (LWG) (kg/d) and feed conversion efficiency (FCE) in 
feedlot cattle. Adapted and amended from  Brown et al., (1973). 
Factor Control 
Tylosin     
(75 mg/h/d) 
Chlorotectracycline  
  (70 mg/h/d) 
Number of cattle 600 594 606 
liver abscess incidence 56.2 18.6 44.2 
% improvement over control  67 21 
LWG (kg/d) 1.1 1.19 1.14 
% improvement over control  + 5.8 + 3.3 
FCE 8.21 7.87 8.14 
% improvement over control  - 4.2 - 0.8 
 
(b) Effect on bacterial species 
Nagaraja et al., (1999a) analysed the bacterial species present in liver abscesses of 
feedlot cattle fed tylosin or not fed tylosin over a two year period. Abscesses from 
animals fed tylosin or not fed tylosin were cultured anaerobically and aerobically to as 
accurately as possible find all bacteria present and determine their species (Table 
2.11). F. necrophorum was present in all cultured abscesses, the incidence of s F. n. 
necrophorum present as a mixed or single infection was not different between 
treatments (81 versus 73 and 19 versus 27% respectively) (P>0.1); (Table 2.11). 
 
The presence of F. n. necrophorum in cultures as part of a mixed flora infection was 
considerably lower for the tylosin group than the non-tylosin group (33 versus 61%). 
There was also a more diverse flora present in tylosin fed animals versus their un-
medicated counterparts (64 versus 32% respectively) with Actinomyces pyogenes 
being found in over half of animals medicated with tylosin as opposed to only 10% in 
cultures obtained from non-tylosin fed animals. 
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Table 2.11. The bacterial species cultured from liver abscesses of animals fed tylosin 
or no tylosin continuously for two years. Adapted and amended from Nagaraja et al., 
(1999a) 
    Tylosin medicated Non tylosin 
Bacteria    
Incidence 
(n = 36)a 
Percentage 
Incidence 
(n = 41)a 
Percentage 
Anaerobic bacteria   36 100 41 100 
Fusobacterium necrophorum  36 100 41 100 
In single infection   7 19 11 27 
Subspecies necrophorum  6 17 9 22 
Subspecies funduliforme  0 NA 0 NA 
Both funduliforme and 
necrophorum 
1 NA 1 NA 
In mixed infection   29 81 30 73 
Subspecies necrophorum  12 33c 25 61 
Subspecies funduliforme  3 8 1 2 
both funduliforme and 
necrophorum 
14 39d 4 10 
Other anaerobic bacteria  22 61 23 56 
        
Facultative bacteria   23 64d 13 32 
Actinomyces pyrogenes  19 53d 4 10 
Other facultative bacteria  5 14 9 22 
 
Nagaraja et al., (1999b) measured the effects of tylosin in-feed to cattle on the 
population of F. necrophorum in the rumen with induced SARA, when fed an 85% 
concentrate based diet under an abrupt change of feed (a three phase feed change over 
three days; lucerne hay to 70% to 85% concentrate grain based diets). As seen 
previously, the population of F. necrophorum in the rumen increases when animals 
were fed high proportion concentrate based diets (Tan et al., 1994a) (see Section 
2.4.8). It was proposed that the addition of tylosin in feed would reduce the 
population of F. necrophorum due to its antibiotic effects. Using the MPN technique, 
the authors found that the addition of tylosin in feed compared to non tylosin 
medicated cattle fed an 85% concentrate based diet reduced the population of F. 
necrophorum throughout the 31 d duration of the trial (P<0.001). It also showed 
populations in tylosin medicated animals were lower at the end of the trial than at the 
beginning suggesting a gradual reduction in the number of bacteria as a result of 
continued tylosin medication. The addition of tylosin in feed had no significant effects 
on characteristics of rumen function (mean ruminal pH and lactate, ammonia and 
SCVFA concentrations). 
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2.4.11.2 Vaccines 
There have been several vaccines developed as a control measure for liver 
abscessation and are widely available within the feedlot industry. There have been a 
number of studies performed which have shown reduced abscessation and substantial 
efficacy with use of the vaccines. The two most prominent vaccines that have been 
used are Centurion
™ 
(registered by Merck
®
 previously Scheering Plough
®
) and 
Fusogard
®
 (Novaritis
®
).  
 
Checkley et al., (2005) evaluated the efficacy of Fusogard
®
; a F. necrophorum 
bacterin vaccine to control the incidence of liver abscesses and footrot in feedlot 
cattle. Animals were vaccinated or unvaccinated and then split into receiving two 
diets; an ad lib forage based and a limited grain based growing diet. The study 
reported considerable variation in the incidence of liver abscessation as a result of the 
two different feeds offered with means of 27.2 and 6.2% for grain and forage based 
diets respectively (Table 2.12). The odds that a vaccinated animal in the forage based 
diet would have a A or A+ liver abscess at slaughter were less than 1/3 (OR=0.27) the 
odds that an unvaccinated animal would have a A or A+ liver abscess (P=0.05) with 
total abscessation incidence being 9.5 and 2.8% for unvaccinated and vaccinated 
animals fed the forage based diet. There was no significant difference in the odds that 
an animal having an A or A+ liver abscess would have scored differently between 
vaccinated or unvaccinated treatments under the grain based feeding diet (P<0.35). 
For both feeding regimes, there was no effect of vaccination in characteristics of 
improved animal performance. 
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Table 2.12. Liver scores stratified by vaccination and diet groups, in a study 
examining the effect of vaccination with Fusogard
®
 against Fusobacterium 
necrophorum infection on the prevalence, at slaughter, of A and A+ liver scores, 
while adjusting for diet during the feeding period. Adapted and amended from 
Checkley at al., (2005). 
  
Liver scores Total animals Prevalence of 
Diet Treatment 0 or A- A or A+ 
 
A or A+ (%) 
Grain based Vaccinated 84 27 111 24.3 
 
Not vaccinated 75 32 107 30 
      
Forage based Vaccinated 105 3 108 2.8 
 
Not vaccinated 95 10 105 9.5 
Total 
 
359 72 431 16.7 
 
Jones et al., (2004) using two forms of Centurion
™
, one  with a high antigen dose 
bacterin- toxoid, which consisted of inactivated F. necrophorum leukotoxin and A. 
pyrogens pyolysin (A1), and the other form given to steers consisting of a lower 
strength antigen dose bacterin-toxoid (B1) (Table 2.13). Treatments were the use of 
either form of vaccine, a placebo and steers fed tylosin- medicated feed, control 
animals fed feed without tylosin and steers offered tylosin medicated feed and also 
vaccinated with the high antigen dose vaccine. Results from the experiment indicated 
that vaccination with the high antigen vaccine reduced the incidence of liver abscesses 
by 37.5% in those animals vaccinated and fed tylosin medicated feed versus the 
control animals (Table 2.13). The incidence of disease reduced considerably in 
animals non-medicated with tylosin and given the placebo vaccination (48%) versus 
those animals given bacterin toxoid A1 (30%, P<0.001) or animals vaccinated with 
B1 (36%, P<0.004).  The odds of a higher liver abscess score for placebo vaccinated 
steers were 2.2 greater than steers vaccinated with bacterin-toxoid A1 (95% CI, 
1.74<OR<2.78) and 1.67 times greater than for steers vaccinated with bacterin-toxoid 
B1 (95% CI, 1.05<OR<2.66)). There was no comparable difference between animals 
medicated and given the A1 vaccine versus placebo medicated animals (8 versus 12% 
(P>0.05), nor was there any difference in the severity of abscessation (Table 2.13). 
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Table 2.13.  The incidence and severity of liver abscesses in animals medicated with tylosin or not offered tylosin and vaccinated with bacterin-
toxoid A1, placebo or bacterin-toxoid B1. Adapted and amended from Jones et al. (2004). 
    
Livers scored 
 
 
Treatment group Steers slaughtered Livers scored* Normal A- A A+ Total abscesses 
    Number (% total)     
Non tylosin medicated 
      
 
Bacteria toxoid A1 283 263 185 (70) 15 (6) 19 (7) 44 (17) 78 (30)
a
 
 
Placebo 295 279 144 (52) 34 (12) 37 (13) 64 (23) 135 (48)
b
 
 
Bacterin toxoid B1 287 259 166 (64) 27 (10) 20 (8) 46 (18) 93 (36)
a
 
Tylosin medicated 
       
 
Bacteria toxoid A1 269 237 217 (92) 9 (4) 3 (1) 12 (4) 20 (8)
c
 
 
Placebo 293 275 242 (88) 10 (4) 11 (4) 8 (3) 33 (12)
c
 
Total 1427 1313 954 (73) 95 (7) 90 (7) 174 (13) 359 (27) 
* Livers condemned without scoring because of liver fluke, telangectasis or distisoma. (n = 63) and livers lost to scoring (n = 7) were excluded. Super script letters represent 
differences in the incidence of liver abscessation (P<0.05). 
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Both the mean LWG and FCE between treatments were not statistically different although in 
both instances the placebo group had reduced LWG and FCE. Interestingly there was no 
difference in production parameters between animals medicated and animals non-medicated, 
which the authors attributed to a limited power and experimental design.  
 
Generally vaccines have been shown to reduce the incidence of liver abscessation but not to 
the same extent as the use of in-feed antibiotic medication, particularly tylosin. From the 
relatively limited numbers of trials performed evaluating the use of these vaccines, there has 
been shown no increase or benefit in terms of animal productivity, efficiency of gain and 
performance whereas under in feed medicated conditions, the use of antibiotic substances 
have shown to benefit characteristics of animal performance. With this in mind, the uptake of 
vaccine programmes have been relatively limited as it is still acceptable in lot-fed conditions 
and perhaps considerably more practical and efficient, to include small volumes of antibiotics 
in feed while animals are receiving high concentrate feed. 
 
More recently, Fox et al., (2009) found that the incidence of liver abscessation was not 
reduced in steers vaccinated with either Fusogard
®
 or Centurion
™
. The incidence of liver 
abscessation was 56, 60 and 59% in un-vaccinated animals, Fusogard
®
 or Centurion
™
 
vaccinated animals respectively. In 2009, Centurion™ was removed from the market and is 
no longer commercially available for sale.  
 
The use of a vaccine approach maybe of special interest to New Zealand producers as the use 
of antibiotic medicated feed would be considered as impractical in grazing systems. To date, 
there have been no attempts to prevent liver abscessation in New Zealand through the use of a 
vaccination programme against F. necrophorum or A. pyogenes.  
2.5 Conclusion 
There is a wealth of data on liver abscessation from the international feedlot industry and as 
such control and prevention strategies have been developed. From the anecdotal reports 
available, liver abscesses under intensive pastoral conditions is a significant issue for the New 
Zealand industry and the incidence seems to be increasing. The incidence and aetiology of 
liver abscessation in pasture based systems is not described, and this project seeks to address 
that. To conduct this work, an investigation of the bacterial species in pasture based cattle 
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liver abscesses in New Zealand is required, and a detailed assessment of rumen function and 
microbiology is also required to establish if the aetiology of the disease is similar in lot fed 
and pasture based cattle. The next section reviews the techniques required for these 
investigations. 
 
2.6 Methodologies for microbial species diversity assessment 
2.6.1 Introduction 
In the past, researchers have determined microbial species diversity by culturing bacteria and 
identifying individual species by their morphology and their physiological/biochemical 
features. This has been relatively successful but due to a poor understanding of conditions 
required to culture many species of bacteria, we have been unable to grow and hence identify 
their existence via these techniques. It has been estimated that 99% of bacteria are unable to 
be isolated as a pure culture because of this reason (Amann et al., 1995). It is therefore 
appropriate to employ new technologies as they develop to give us a better understanding of 
microbial diversity and its role in rumen function and microbial fermentation (Kobayashi, 
2006). Recent techniques such as denaturing gradient gel electrophoresis (DGGE), 
quantitative polymerase chain reaction and pyro-sequencing have enabled the identification 
microbial species by genetic differences and have advanced the understanding of the 
complexity of many microbial environments.   
2.6.2 Traditional procedures 
Many media have been used to cultivate bacteria based on their known requirements for 
growth. The methods for the cultivation of bacteria obtained from liver abscesses generally 
utilise anaerobic brain- heart infusion broth to grow bacteria and then identify the individual 
species through morphological and biochemical methods (Tan et al., 1994a). The most used 
and recognised methodology is through biochemical analysis (RapID-ANA II System 
(Innovative Diagnostic Systems, Inc., Atlanta, Ga.). Section 2.4.8 lists the wide range of 
species which have been identified in abscesses removed from infected cattle with the use of 
these cultivation techniques. These methodologies are time consuming and laborious with 
broth infusions, plate culturing and considerable amounts of time depending on the 
incubation and rate of growth of the bacterial species of interest and the particular media they 
are growing in. In particular the requirements for single strain and colony selection are 
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dependent on the number of species gathered and culturable from the original sample while 
ensuring sterility from other sources. This difficulty, with our relatively poor understanding 
of many requirements for growth of especially anaerobic bacteria, has limited the 
identification of bacterial species. There are several key publications on the culturing 
techniques and laboratory protocols for anaerobic bacteria with the most prominent being 
Holdeman and Moore (1977). 
2.6.3 Genomic analysis techniques  
A powerful approach to explore the diversity in microflora within natural samples is cloning 
and sequencing of the 16S ribosomal RNA (rDNA) (Muyzer, 1999) which is a segment of 
genomic DNA that is specific for bacteria. Cloning and amplification of this genetic segment 
allows us to identify bacterial DNA specific to species/strain differences. These techniques, 
have shown that the diversity within the microbial population is much greater than was 
believed and that the previous techniques of culturing are in some situations, inadequate for 
exploring this reservoir of hidden diversity which are present in the natural kingdom 
(Muyzer, 1999). The extraction and isolation of bacterial genomic DNA and amplification of 
16S rDNA is now a standard operating procedure in many laboratories. The use of 
polymerase chain reaction (PCR) to amplify small fragments of DNA allows the detection of 
organisms which are naturally present in comparatively low numbers relative to other 
bacteria in the environment of interest (Muyzer et al., 1993; Muyzer, 1999; Zoetendal et al., 
2004).  These methods can be used to study the effect of dietary changes on the resident 
bacterial population and fluxes in populations of individual species and strains of bacteria 
(Tajima et al., 2000; Kocherginskaya et al., 2001; Tajima et al., 2001), and to investigate 
diurnal rhythms (McEwan et al., 2005) or a broad spectrum view of the species present 
within a niche environment (Daly et al., 2001). Of course these analysis techniques are not 
limited to population investigations within the realm of gastrointestinal studies and are used 
widely where researchers wish to understand the bacterial diversity of an environment.  
 
Through the use of this genomic technology, we can now use specific genetic sequences as 
primers and identify kingdom, individual bacterial species, and even sub-species profiles 
within a given community (see review (Deng et al., 2008)). The main method utilised in this 
thesis involves identification of species of bacteria present in liver abscesses through the use 
of separating genomic DNA using denaturing gradient gel electrophoresis, and using these 
samples to identify individual species and strains based on their individual genomic sequence 
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and comparing these with those previously published amongst the submitted international 
literature in GenBank. In addition, samples will be cultured to identify the bacteria 
morphologically using culturing techniques as mentioned above to confirm the presence and 
identity of bacterial species and strains based on their morphology and biochemical analysis 
as previously described. 
 
The main genomic techniques used in this study are polymerase chain reaction (PCR), 
denaturing gradient gel electrophoresis (DGGE), and quantitative polymerase chain reaction 
(QPCR).  
2.6.3.1 Polymerase chain reaction 
PCR is widely used to amplify segments of DNA through the use of primers and in vitro 
steps of amplification. As a standard genomic technique that is widely used, it has standard 
protocols internationally for the amplification of DNA, and many authoritative reviews are 
available (Bartlett and Sterling (2003). For this thesis, I plan to utilise PCR to amplify 
bacterial DNA to determine the number and range of microbial species present in the liver 
abscesses of infected cattle as well as determine bacterial species changes from the rumen of 
bulls across a typical production system. 
2.6.3.2 Denaturing gradient gel electrophoresis 
DGGE is a widely used technique to identify species diversity of bacteria in a wide range of 
environmental conditions (Muyzer et al., 1993). The method utilises technology based on 
sequence differences within a PCR product that results in differential denaturing 
characteristics of the DNA. During the DGGE process, PCR products of the same size 
encounter increasingly higher concentrations of chemical denaturant (a mixture of 
urea/formamide) as they migrate through a polyacrylamide gel. Upon reaching a threshold 
denaturant concentration, the weaker melting domains of the double-stranded PCR product 
begin to denature at which time, migration slows dramatically. The attachment of a GC rich 
clamp attached to the 5’ end of the forward primer prevents the dissociation of double 
stranded DNA thus allowing for relatively stable double stranded DNA molecules. Differing 
sequences of DNA (from different bacteria) will denature at different denaturant 
concentrations resulting in a pattern of bands along the profile (Figure 2.3). Each band 
theoretically representing a different bacterial species present in the community. Once 
generated, fingerprints can be uploaded into databases and analysed using software in which 
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fingerprint similarity can be assessed to determine microbial species structural differences 
between environments or among a range of treatments as determined by the experimenter. 
Different bands present on the polyacrylamide gel can be removed and purified then 
sequenced to determine the exact genetic code of that particular band/species/biovar present 
within the population. DGGE is a somewhat constrained method in that because of the 
robustness and amplification processes of a typical PCR reaction, we are unable to 
differentiate population dynamics of a species of bacteria within the given sample rather than 
just the mere presence or lack thereof a species of bacteria/band present in the treatment of 
interest. For the purposes of this thesis, I plan to utilise the products gained from PCR 
through DGGE to determine microbial species diversity present in the liver abscesses of 
infected cattle as well as the bacterial species changes from the rumen across a typical pasture 
based production system. 
 
Figure 2.3. A summary illustration of the protocols for denaturing gradient gel 
electrophoresis (DGGE) 
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2.6.3.3 Quantitative polymerase chain reaction 
Quantitative polymerase chain reaction (QPCR) is a method to simultaneously detect and 
quantify a targeted DNA molecule being produced during the reaction procedure. For 
microbiological purposes, it is most often used to detect the presence of and population size 
of a particular species of bacteria present within a sample using specific genomic primers.  
Comparisons of the PCR reaction intensity can then be made against a standard allowing 
quantification of the actual number of bacteria present in the sample where the standard is a 
dilution series of known bacterial population samples. The dye fluoresces in intensity based 
on the number of double stranded DNA amplicons present in the sample as the PCR reaction 
progresses. There are two main methods of performing quantitative PCR; these are either 
through the use of CYBRgreen or TaqMan (Figure 2.4) systems respectively. TaqMan assays 
which normally uses sequence specific DNA probes consist of oligonucleotides which are 
labelled with a florescent reporter molecule which permits detection only after hybridisation 
of the probe with its complementary specific DNA target sequence. The florescent reported 
probes detect only the DNA containing the probe sequence therefore the use of the reporter 
probe method significantly increases the specificity and allows for accurate quantification 
even in the presence of non-specific DNA amplification. The amounts of DNA present in the 
sample can then be determined by comparing the results to a standard curve which is 
produced by performing QPCR on serial dilutions (e.g. undiluted, 1:4, 1:16, 1:64, 1:256...) of 
a known amount of DNA. For additional technical information the reader is referred to one of 
the many reviews of the subject available (Dorak, (2006).  
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Figure 2.4 A summary illustration of the steps of quantitative polymerase chain reaction as 
employed by the TaqMan method. 
2.6.3.4 Topo TA cloning 
Genetic sequences of interest can be cloned (for example, using the invitrogen TOPO TA
(R)
 
cloning kit) and clone libraries can be developed (for example, using One Shot
(R)
 TOP10 
Chemically Competent E. coli cells). Figure 2.5 shows the procedure in context of the other 
methods employed. 
 
 42 
 
 
Figure 2.5. A summary illustration of the protocols necessary when performing Topo TA 
cloning.  
Figure 2.6 shows a summary illustration of how the pCR 2.1
(R)
 - TOPO
(R)
 TA vector operates 
and how it binds to the specific PCR product during the transformation and ligation process. 
 
 
 
Figure 2.6. An illustrative summary of how the pCR 2.1
®
- TOPO
®
 TA vector operates when 
performing the cloning and transformation procedures. Figure adapted from (Anonymous, 
2012).  
The process of cloning ensures only the sequences of interest are gathered and allows for a 
more efficient and effective ability to construct clone libraries and then sequence the correct 
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species of bacteria present therefore enabling a more accurate ability to compare the sequence 
results with the data already available on the international Genbank database. 
2.7 The structure of rumen papillae and response to changes in 
feed quality 
There have been several studies on the role and function of rumen papillae during changes in 
feed quality. These reports have identified a range of morphological and ultra-structural 
changes in the structure and function, particularly in animals offered feedlot diets. Of 
particular interest are the ultra-structural changes in rumen papillae structure due to acidosis, 
see  Steele et al., (2009). The function of an increased concentration of butyrate on increasing 
rumen papillae proliferation particularly in young ruminants adapting to feed change from 
milk to forage based diet and indeed from a forage based to concentrate based feed types has 
been widely studied (Bull et al., 1965; Sakata and Tamate, 1978; Nocek et al., 1984; Gálfi et 
al., 1985; Siciliano-Jones and Murphy, 1989; Mentschel et al., 2001; Zitnan et al., 2003; 
Shen et al., 2004).  
 
Of particular interest to the current study is the possible role of ultra-structural changes in 
rumen papillae and the relationship to the incidence of liver abscessation; perhaps resulting in 
an increased opportunity of F. necrophorum to escape and migrate passively through the 
ruminal wall, enter the portal circulatory system, proliferate and cause infection of the liver. 
This process is the accepted aetiology of liver abscessation in feedlot cattle (Tadepalli et al., 
2009). 
 
The role of the different layers of the epithelium and how these change with different 
fermentation rates and products as a function of animal feeding has been well documented. 
Increased carbohydrate feeding levels can lead to degradation of various rumen epithelial 
layers, particularly thickening of the s. granulosum (parakeratosis). This is normally resistant 
to passive diffusion of rumen microbes and metabolites into the portal circulatory system. 
Situations where parakeratosis is prevalent generally involve animals fed large quantities of 
highly degradable sources of carbohydrate, associated with SARA (Section 2.4.7). Recently, 
Steele et al., (2009) reported a case study of the effect of sudden grain over load on the 
structure and the response of rumen epithelium from the ventral sac, with extensive shedding 
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and hyper-keratinisation of the stratum corneum and large gaps occurring between cells 
through several layers of the rumen epithelium observed.  
 
Plate 2.1. An illustration of the various layers of the stratified rumen epithelium tissue. 
Stratum corneum (SC), s. granulosum (SG), s. spinosum (SS) and s. basale (SB). Figure 
sourced from  Graham and Simmons, (2005). 
There is no published information on the structure of the rumen epithelium in intensive 
pasture based production systems. As changes have been described with shifts in energy 
intake for TMR fed cattle, it is possible that changes may also occur across a typical 
production season because both DMI and feed quality alters considerably. The possibility of 
any such changes being associated with the reportedly high incidence of abscessation 
observed in New Zealand pasture based cattle is one component of the investigation of this 
thesis.  
2.8 Conclusion and specific objectives of this thesis 
The impact of liver abscessation on New Zealand cattle production has only recently been 
considered and it appears to be an increasing issue for these production systems. Although 
aetiology and factors affecting the incidence and prevention of liver abscesses in international 
feedlot cattle have been widely examined, few of these apply to the New Zealand pasture 
based production systems which raises the question of a different aetiology. This thesis 
research is designed to establish the incidence of liver abscessation in pasture based beef 
bulls which represent the livestock class most commonly associated with abscessation in the 
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New Zealand industry, in order to validate or defuse the industry concerns around this 
disease. The next objectives of this work are to use contemporary rumen assessment and 
molecular technologies to: establish the similarities in species present in bull liver abscesses 
with lot fed cattle internationally; assess the typical rumen presence and population flux of 
the internationally accepted pathogenic cause (Fusobacterium necrophorum) in the 
production seasons of pasture bulls; determine the typical seasonal rumen function 
parameters in these bulls; and define the changes in rumen epithelial structure between the 
production seasons using scanning and light microscopy. Robust knowledge of these areas of 
research will enable a better understanding the aetiology in this feeding system, and to 
identify any possible differences. This will be accomplished by these discrete experimental 
analyses: 
 
1. Document the incidence of liver abscessation in the New Zealand bull beef industry 
using a pre-constructed database 2000-2005 
2. Identify the particular species and where relevant, the sub-species of bacteria present 
across the slaughtering season (September- June) in the liver abscesses of slaughtered 
New Zealand beef bulls.   
3. Define the rumen function in bull beef animals as influenced by seasonal feeding 
regimes and examine these in concert with the seasonal incidence in liver abscess 
incidence observed across the slaughter season. 
4. Describe differences in rumen epithelial dimensions and morphology of beef bulls 
across the production seasons, particularly the winter/spring transition period. 
Determine the role that this may play in the adherence and colonisation of bacterial 
species particularly F. necrophorum to the surface of the papillae and thus liver 
abscess causing potential.  
5. Quantify the population of F. necrophorum in the rumen of bull beef cattle through a 
typical production cycle and relate observed populations of F. necrophorum in the 
rumen to the seasonal incidence of liver abscessation. 
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3 CHAPTER 3. THE INCIDENCE OF LIVER 
ABSCESSATION IN SLAUGHTERED BEEF BULLS OF 
THE SOUTH ISLAND OF NEW ZEALAND 
3.1 Introduction 
As discussed in the review of literature, the issue of liver abscessation is a relatively novel 
issue for producers and processors in the beef industry of New Zealand. Because there 
seemed to be an increase in the number of animals slaughtered showing abscessation of the 
liver, a database was established to document the incidence of liver abscessation through a 
meat processing company located in the South Island of New Zealand. This database 
recorded the liver abscessation of bulls slaughtered during each month of the killing season 
from 2000 through to 2005. The typical New Zealand slaughtering season for beef begins in 
September and is very seasonally dependent on pasture production. During the months of 
spring and summer, there is a rise in the number of bulls being slaughtered which is attributed 
to the increase in pasture production through spring. With animals offered high pasture 
allowances through spring and early summer, they reach target LW for slaughter and peak 
numbers of livestock are slaughtered generally through the months of December-March. The 
aims of this research were to establish the annual and seasonal incidence, the breed 
differences which may be observed and identify any regional differences which may exist in 
the incidence and seasonal profile of liver abscessation in beef bulls in the South Island of 
New Zealand. The working hypothesis for this seasonal variation in incidence is that the 
transition from a low feed intake in winter to a high intake of highly digestible pasture in the 
spring triggers the onset of liver abscessation in these bulls. 
3.2 Materials and methods 
A database of a total of 137,675 bulls slaughtered from October 2000 to December 2005 was 
catalogued according to date of slaughter, breed of bull, carcass weight, and farm of origin 
within the South Island of New Zealand. Liver abscess severity was recorded as four grades 
based on the size and number of abscesses present upon the liver; severe, (2 or more 
abscesses greater than 4 cm in diameter), moderate, (1 abscess greater than 4 cm in diameter), 
minor, (abscesses present under 4 cm in diameter and/or the presence of scar tissue) and no 
abscesses visible. Because of the wide range of breeds of bulls slaughtered, a further category 
was produced identifying each bull by purpose as beef or dairy type to simplify analysis. All 
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animal inspections, liver abscess grading and data entry was performed by qualified New 
Zealand Food Safety Authority National Meat Inspectors. 
All data that were entered was analysed using descriptive statistics with Genstat statistical 
software 12
th
 edition (VSN International limited, Hemel, Hampstead, United Kingdom).  
Statistical analysis was performed using a general linear model with year, month, liver 
abscess grade and purpose type as fixed model parameters with carcass weight and individual 
animal ID as variable parameters. 
3.3 Results 
3.3.1 Annual distribution of slaughter and liver abscess incidence 
Over this period of 6 years, the mean incidence of liver abscessation in this sample of bulls 
from the South Island of New Zealand was 9.5% with a range of 8.4 to 10.4% between 
individual years (Table 3.1). Most liver abscesses were graded as being severe (63.4%; 
P<0.001) which often resulted in condemnation of the liver and potentially abdominal organs; 
13% of the cases of abscessation were catalogued as moderate and 21% catalogued as minor 
abscessation. In year one, only 9032 bulls were recorded but numbers reached approximately 
30000 bulls processed per year between 2003 and 2005. 
 
Table 3.1. The annual incidence and recorded severity of liver abscesses (Severe: 2 or more 
abscesses greater than 4 cm in diameter, Moderate: 1 abscesses greater than 4 cm in diameter 
and Minor: abscesses present under 4 cm in diameter and the presence of scar tissue) in bulls 
slaughtered between 2000 and 2005. 
Year of 
slaughter 
Severe 
(%) 
Moderate 
(%) 
Minor 
(%) 
No abscess 
(%) 
Number of bulls 
recorded 
2000 3.90 2.45 3.79 89.9 9032 
2001 5.80 1.17 1.82 91.2 19434 
2002 5.98 0.90 1.53 91.6 18159 
2003 7.27 1.29 1.80 89.6 29998 
2004 6.52 1.20 1.78 90.5 30767 
2005 6.42 1.04 2.13 90.4 30285 
Mean/total 6.31
b
 1.22
a
 1.97
a
 90.50
c
 137675 
Super script values represent differences (P<0.001) between grades of liver abscessation 
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In the first year, there was some confusion as to the abscess grading requirements and 
nonconformity amongst the meat grading inspectors. This was confounded by the relatively 
low number of bulls recorded during this season and as such the data from 2000 has been 
removed from further analysis.  
3.3.2 Seasonal distribution of slaughter and liver abscess incidence 
Liver abscessation incidence (Table 3.2) and the number of bulls slaughtered were 
considerably different between months. With the season beginning in September, there were 
an increasing number of bulls slaughtered each month with a peak in January with over 
22000 bulls slaughtered and then decreasing till the end of the season in July. The greater 
incidence of liver abscesses occurred between November and January with the highest 
incidence in November at 11.3% of all bulls slaughtered (sum of severe, moderate and minor 
abscessation incidence). The number of recorded cases then declined throughout the 
remaining production season except for a spike in abscessation recorded for the month of 
April of 9.3%. 
Table 3.2. The incidence of liver abscessation or no abscesses recorded as a percentage of 
total bulls slaughtered per month and the number of bulls slaughtered in each month from 
2001-2005. 
Month 
Severe 
(%) 
Moderate 
(%) 
Minor 
(%) 
No abscess 
(%) 
Number of bulls 
slaughtered 
September 3.89 0.90 3.14 92.1 668 
October 5.55 1.69 2.26 90.5 10755 
November 6.74 1.81 2.79 88.7 16447 
December 7.39 1.40 2.25 89.0 14194 
January 7.27 1.19 2.17 89.4 21944 
February 5.96 1.04 1.60 91.4 19490 
March 5.03 0.91 1.46 92.6 19652 
April 6.82 0.84 1.63 90.7 11394 
May 5.48 0.75 1.27 92.5 4560 
June 5.77 0.79 1.39 92.0 7237 
July 5.79 0.83 0.97 92.4 2055 
August 
     
Mean/total 6.5
b
 1.19
a
 1.87
a
 90.5
c
 128643 
Super script values represent differences (P<0.001) between grades of liver abscessation 
 
When this seasonal data of the incidence of liver abscessation is segregated into the three 
categories of liver abscess severity, those abscesses recorded as severe were consistently 
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more numerous than those measured as moderate or minor (Table 3.2). Peak incidence for 
severe graded abscesses occurred in December (7.39%) whereas for both moderate and minor 
graded abscesses, the pinnacle occurred in November (6.74 versus 1.81 and 2.79% 
respectively for each grade). There were no bulls slaughtered in August. 
For all years of recording, as the season progressed, as a proportion of all abscessation, severe 
abscessation  increased considerably accounting for 49% in September to 76% of all graded 
abscessation  in July relative to moderate (which decreased throughout the season; 40-13% 
from September to July) and  minor graded lesions remained relatively stable (Figure 3.1). 
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Figure 3.1. The proportion of all liver abscessation incidence graded as severe (solid line; 2 
or more abscesses greater than 4 cm in diameter), moderate (dashed line; 1 abscesses greater 
than 4 cm in diameter) and minor (dotted line; abscesses present under 4 cm in diameter and 
the presence of scar tissue). 
 50 
 
3.3.3 The effect of the origin of bulls on the incidence of liver abscessation, 
monthly slaughter profile and mean monthly carcass weights 
Bulls were catalogued according to the area where they were sourced from within the South 
Island (Table 3.3). Bulls which originated from the Canterbury area had the highest incidence 
of liver abscessation at 10.2% in comparison to all other regions. The highest incidence 
occurred in the district of Ashburton South with an incidence of 12.2%. This area also had the 
highest proportion of bulls classed as dairy type with only 8% of bulls being considered beef 
type (Table 3.3). The area which produced the most bulls was also Canterbury, and in 
particular the South Canterbury region with 27585 bulls slaughtered with the entire 
Canterbury area accounting for 72% of all bulls.  
There was a considerable range in mean carcass weight between regions with the West Coast 
producing bulls with the lowest average carcass weight (288 ± 1.5 kg) in comparison to those 
from the Ashburton district with a mean carcass weight of 323 ± 0.36 kg.  
Table 3.3. The regional distribution of origin and the number of bulls slaughtered, percentage 
beef or dairy type, mean carcass weight (kg CW ± SEM) and incidence of liver abscesses (%) 
between 2001 and 2005. 
Region District 
Total bulls 
slaughtered 
Beef: dairy 
proportion 
Weight 
(kg CW ± SEM) 
Incidence 
(%) 
Nelson 
 
542 44.3 309 ± 3.2 7.38 
Marlborough 
 
18227 18.8 307 ± 0.4 7.71 
Canterbury North Canterbury 9669 18.7 316 ± 0.4 8.73 
Mid Canterbury 14639 15.4 321 ± 0.4 9.86 
Ashburton 14305 8.50 323 ± 0.4 10.4 
Ashburton South 26643 8.09 322 ± 0.2 12.2 
South Canterbury 27585 12.1 319 ± 0.2 8.82 
Canterbury total 92841 12.5 320 ± 0.3 10.2 
West Coast 
 
1629 9.10 288 ± 1.5 8.90 
Otago North Otago 13494 12.7 319 ± 0.4 9.35 
Mid Otago 4808 35.6 309 ± 0.8 6.26 
South Otago  1442 29.1 295 ± 1.3 8.39 
Otago total 19744 25.8 308 ± 0.8 8.53 
Southland 
 
4360 28.5 297 ± 0.8 7.32 
Total   128643 19.9 311 ± 0.8 9.50 
 
In general, there was a negative relationship between the incidence of liver abscessation and 
the increasing proportion of beef bulls being slaughtered (Figure 3.2; R
2 
= 0.60). However 
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there was some variability such as the West Coast region which had a low prevalence of liver 
abscessation and yet a high proportion of dairy type slaughtered (89% dairy type bulls and a 
liver abscessation incidence of 8.90%).  
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Figure 3.2. The relationship between the incidence of liver abscessation and the percentage 
of beef type bulls slaughtered. 
The monthly slaughtering profile showing the percentage of bulls slaughtered each month for 
each region is shown in Table 3.4. In Marlborough, North Canterbury, Canterbury, 
Ashburton, Ashburton South and North Otago; at least 52% of all bulls slaughtered were 
slaughtered by the end of January; 62, 59, 57, 52 and 60%, respectively. In contrast, in areas 
such as Nelson, West Coast and Southland; at least 50% of the bulls had not been slaughtered 
by the end of February.  
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Table 3.4.  The cumulative monthly distribution of the percentage of bulls slaughtered during 
the killing seasons in each of the recorded regions and respective districts. 
Region District Sept Oct Nov Dec Jan Feb Mar April May June July 
Nelson 
 
0 1 9 12 20 39 54 87 94 99 100 
Marlborough 1 10 30 45 62 74 83 88 92 97 100 
Canterbury 
North Cant. 1 13 30 42 59 73 85 89 92 98 100 
Canterbury 0 10 25 41 57 70 84 92 94 99 100 
Ashburton 1 17 29 39 52 68 85 93 94 99 100 
Ash. South 1 14 29 43 60 73 85 92 95 98 100 
South Cant. 0 7 19 31 48 61 79 91 95 99 100 
Cant. total 1 12 26 39 55 69 84 92 94 99 100 
West Coast 0 0 0 2 24 45 79 89 91 99 100 
Otago 
North Otago 0 10 25 35 52 69 82 89 93 99 100 
Mid Otago 0 8 17 26 34 51 69 82 91 99 100 
Otago South 0 2 10 20 43 54 74 87 96 100 100 
Otago total 0 7 17 27 43 58 75 86 93 99 100 
Southland 0 1 11 14 28 47 66 71 78 97 100 
South Island mean 0 8 20 30 45 61 77 88 92 99 100 
 
The mean monthly carcass weights of slaughtered bulls are shown in Table 3.5. Generally, 
for all regions, except for an increase in December, mean carcass weights of bulls declined as 
the season progressed with those in December being heavier than other months (P<0.001). 
Up until December, mean carcass weight for the South Island exceeded 320 kg and then was 
less than 320 kg for the further duration of the slaughtering season. Mean carcass weight for 
was lightest in May being 282 ± 0.6 kg (P<0.001). There were considerable differences in 
regional mean bull carcass weight within any given month. In particular, districts of Nelson, 
Ashburton South and South Canterbury had mean carcass weights heavier than other regions 
across all months (Table 3.5). In the months of September and July, there were some regions 
with heavier carcass weights but with large SEM values indicating considerable variability in 
mean bull carcass weight. 
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Table 3.5. The carcass weights (kg CW ± SEM) of bulls across the production season from the regions where they were raised. Empty cells 
indicate no data available for that region in that particular month. 
Region District Sept Oct Nov Dec Jan Feb Mar April May June July 
Nelson 
  
304 ± 50.2 339 ± 12.6 326 ± 20.0 322 ± 11.2 322 ± 8.0 327 ± 6.1 283 ± 3.7 282 ±18.2 337 ± 14.6 365 ± 12.8 
Marlborough 336 ± 2.7 316 ± 1.1 314 ± 0.9 315 ± 0.8 309 ± 0.9 298 ± 1.0 296 ± 1.0 290 ± 1.2 312 ± 2.4 296 ± 2.2 293 ± 4.0 
Canterbury 
North Cant. 320 ± 3.5 324 ± 1.2 323 ± 0.9 323 ± 1.2 319 ± 1.0 319 ± 1.1 307 ± 1.3 299 ±2.2 302 ± 2.9 296 ±1.6 317 ± 3.7 
Canterbury 334 ± 2.7 329 ± 1.1 332 ± 0.9 333 ± 0.8 323 ± 0.9 323 ± 1.0 306 ± 1.0 298 ±1.2 288 ± 2.4 307  ± 2.2 327 ± 4.0 
Ashburton 361 ± 2.6 335 ±0.7 334 ± 0.8 336 ± 0.9 324 ±1.1 328 ±0.9 316 ± 0.9 295  ± 0.9 297 ± 3.1 295 ± 1.5 291 ± 3.2 
Ash. South 333 ± 2.5 325 ± 0.7 325 ± 0.5 329 ± 0.5 330 ± 0.6 326 ±0.6 314 ± 0.7 305 ± 0.8 299 ± 1.5 307 ± 1.2 302 ± 1.5 
South Cant. 311 ± 2.5 328 ± 0.8 335 ± 0.6 332 ± 0.6 336 ± 0.5 320 ± 0.6 306 ± 0.6 296 ± 0.6 295 ± 1.1 299 ± 1.2 314 ± 3.6 
Cant. mean 332 ± 2.8 328 ± 0.9 330 ± 0.7 331 ± 0.8 326 ± 0.8 323 ± 0.8 310 ± 0.9 299 ± 1.1 296 ± 2.2 301 ± 1.5 310 ± 3.2 
West Coast 
 
363 ± 24.8 
 
324 ± 7.8 306 ± 2.5 312 ± 3.9 266 ± 2.0 302 ± 3.2 175 ± 7.7 272 ± 5.3 315 ± 5.5 
Otago 
North Otago 322 ± 4.1 325 ± 0.8 328 ± 0.7 333 ± 1.0 326 ± 0.8 320 ± 1.1 306 ± 1.1 303 ±1.4 304 ± 2.2 301 ± 1.8 309 ± 7.0 
Mid Otago 350 ± 4.3 323 ± 2.3 320 ± 3.0 336 ± 2.4 310 ± 2.7 317 ± 2.1 305 ± 1.5 293 ± 1.9 288 ± 2.8 290 ± 3.4 368 ± 15.7 
Otago South 
 
340 ± 8.1 312 ± 3.5 322 ± 4.1 301 ± 2.5 306 ± 3.8 305 ± 3.0 271 ± 2.1 245 ± 3.2 224 ± 2.7 358 ± 77.8 
Otago mean 336 ± 4.2 329 ± 3.7 320 ± 2.4 330 ± 2.5 312 ± 2.0 314 ± 2.3 306 ± 1.9 289 ± 1.8 279 ± 2.7 271 ± 2.6 345 ± 33.5 
Southland 
 
326 ± 11.9 309 ± 1.8 329 ± 4.2 307 ± 2.0 292 ± 2.1 303 ± 2.0 309 ± 2.8 290 ± 1.7 277 ± 1.7 277 ± 5.5 
South Island mean 333 ± 1.6
f
 328 ± 0.4
e
  325 ± 0.3
e
 328 ± 0.3
e
 318 ± 0.3
d
 316  ± 0.3
d
 305 ± 0.3
c
 295 ± 0.4
b
 282 ± 0.6
a
 291 ± 0.5
b
 321 ± 0.9
e
 
Super script values represent differences (P<0.001) between months of the season 
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3.3.4 The relationship between liver abscessation incidence and bull 
carcass weight 
There was a significant difference in the mean carcass weights of bulls graded with 
moderate abscessation having a mean heavier carcass weight than severe, minor and 
no abscess graded bulls (P<0.001; 322 ± 1.1, versus 318 ± 0.5 , 319 ± 0.9, and 317 ± 
0.1 for moderate, severe, minor and no abscess grades respectively; Table 3.6). The 
range of carcass weights across years varied widely with no apparent relationship 
present between years or between different grades of liver abscessation within years. 
Lowest mean carcass weight for all liver abscess grades were recorded in 2002 and 
the highest recorded in 2005.  
 
Table 3.6.  The mean carcass weight (kg ± SEM) of bulls having abscesses graded as 
severe (2 or more abscesses greater than 4 cm in diameter), moderate (1 abscesses 
greater than 4 cm in diameter) and minor (abscesses present under 4 cm in diameter 
and the presence of scar tissue). 
Year Severe Moderate Minor No abscess 
 
(kg ± SEM) 
2001 316 ± 1.2 327 ± 2.5 315  ± 2.0 315 ± 0.4 
2002 307 ± 1.2 311 ± 3.6 309 ± 2.6 307 ± 0.4 
2003 320 ± 0.8 321 ± 2.2 317 ± 1.7 315 ± 0.3 
2004 315 ± 0.8 318 ± 2.0 318 ± 1.6 315 ± 0.3 
2005 324 ± 0.8 327 ± 1.9 328 ± 1.3 324 ± 0.3 
Mean 318
ab
 ± 0.5 322
c
 ± 1.1 319
b
  ± 0.9 317
a
 ± 0.1 
Super script values represent differences (P<0.001) between grades of liver abscessation 
 
Table 3.7 shows that in all categories of abscess severity, the mean bull carcass 
weight declined in the second half of the season; heaviest bulls for all grades were 
slaughtered in the summer months of November and December and then gradually 
decreased till June. Figures for July have a large SEM as a function of the relatively 
low numbers of cattle slaughtered during this month (Table 3.2). Bulls with moderate 
abscesses had a heavier mean carcass weight than those bulls with severe, minor and 
no abscesses respectively (P<0.05; 320 ± 1.1 versus 317 ± 0.5, 318 ± 0.8 and 317 ± 
0.1 kg CW for moderate,  severe, minor and no abscesses grades respectively).   
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Table 3.7. The mean carcass weight (kg ± SEM) of bulls with liver abscesses graded 
as severe (2 or more abscesses greater than 4 cm in diameter), moderate (1 abscesses 
greater than 4 cm in diameter) and minor (abscesses present under 4 cm in diameter 
and the presence of scar tissue) recorded for all years throughout the slaughtering 
season. 
Year Severe Moderate Minor No abscess 
              (kg ±SEM) 
September 334 ± 5.3 311 ± 10.5 332 ± 4.5 334 ± 1.3 
October 325 ± 1.3 328 ± 2.3 327 ± 1.8 326 ± 0.4 
November 326 ± 0.9 327 ± 2.0 328 ± 1.5 326 ± 0.3 
December 326 ± 0.9 327 ± 2.1 326 ± 1.6 329 ± 0.3 
January 326 ± 0.9 330 ± 2.4 325 ± 1.6 324 ± 0.3 
February 323 ± 1.2 325 ± 3.2 325 ± 2.1 317 ±0.4 
March 310 ± 1.3 312 ± 3.0 311 ± 2.7 306 ± 0.3 
April 296 ± 1.2 302 ± 4.6 300 ± 2.4 297 ± 0.4 
May 287 ± 2.0 292 ± 9.2 284 ± 4.6 296 ± 0.8 
June 293 ± 1.8 294 ± 4.9 285 ± 3.8 296 ± 0.6 
July 295 ± 3.8 315 ± 12.5 300 ± 10.2 303 ± 1.3 
August 
    
Mean 317
a
 ± 0.5 320
b
 ± 1.1 318
a
 ± 0.8 317
a
 ± 0.1 
Super script values represent differences (P<0.05) between grades of liver abscessation 
 
When these data are categorised into the 3 commercial grades of carcass weight; less 
than 290, between 290.5 and 320 and greater than 320.5 kg CW, Table 3.8 shows the 
percentage of bulls being slaughtered with carcass weights exceeding 320.5 kg CW 
accounting for at least half of all bulls slaughtered during September through to 
January. From February onwards, and in particular March, less than 35% of bulls 
slaughtered had carcass weights greater than 320.5 kg. From February, almost 25% of 
bulls slaughtered have a mean carcass weight less than 290 kg, and through March- 
June, 46-50% of bulls slaughtered have carcass weights less than 290 kg. Those bulls 
with carcass weights of between 290.5-320 kg remain relatively constant throughout 
the duration of the season at between 28-34% of all bulls slaughtered (Table 3.8). 
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Table 3.8. The percentage of animals slaughtered in each month which weigh under 
290 kilograms of carcass weight (<290 kg CW), 290.5-320 kilograms of carcass 
weight (290.5-320 CW) and above 320.5 kilograms of carcass weight (>320 kg CW). 
Month Sept Oct Nov Dec Jan Feb Mar April May June July Aug 
<290 kg CW 6 13 14 13 17 24 35 46 50 49 43  
290.5-320 kg CW 30 34 32 29 29 29 30 32 28 29 29  
>320.5 kg CW 64 53 54 58 54 47 35 22 22 22 28  
 
The percentage of bulls with carcass weights less than 290 kg shows a strong 
relationship (R
2
 value of 0.68) with the percentage of abscesses graded as severe 
(Figure 3.3). As the percentage of bulls with carcass weights less than 290 kg 
increases so too does the percentage of bulls with abscesses graded as severe. In 
contrast, the proportion of severe abscessation declined as the percentage of bulls 
exceeding carcass weights of 320.5 kg increased (R
2
 value of 0.64) and bulls with 
intermediate carcass weights (290.5-320 kg) showed a low negative relationship (R
2
 = 
0.21) (figures not shown). 
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Figure 3.3.  The relationship between the monthly percentage of bulls slaughtered 
with carcass weights greater than 320.5 kg and the percentage of abscesses graded as 
severe (2 or more abscesses greater than 4 cm in diameter). Line shows a linear 
regression trend line. 
3.3.5 Effect of breed on the incidence of liver abscessation 
There was a very large number of breeds and cross-bred composites recorded on the 
database; exceeding 80.  Friesian and Friesian cross bulls represented 82.4% of all 
bulls slaughtered with the remaining consisting of Angus and Angus cross (4.59%) 
and Hereford and Hereford cross (4.59%) and Jersey and Jersey cross (2.97%) of all 
bulls slaughtered; other remaining breed composites accounting for less than 1% 
individually. The incidence of liver abscesses at slaughter varied widely between 
breeds and their associated composites, with the incidence of liver abscessation in 
pure Friesian bulls being recorded as 12.6% whereas Friesian crosses were only 
7.25%; Jersey bulls recorded as 2.25% and their crosses having 5.19% whereas pure 
Hereford bulls had an incidence of 5.19% and their associated composites recorded as 
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5.88% liver abscessation. In light of this this relatively complex analysis and as a 
result of the large variation of breeds recorded, bulls were divided into either beef or 
dairy type. Dairy type bulls had an incidence of liver abscessation more than twice 
that of beef type bulls (10.3 versus 4.71% respectively; P<0.001) and were a much 
higher proportion of the total bulls slaughtered (85.7%). This high incidence amongst 
dairy type bulls was constant throughout all years (Table 3.9). Conversely, beef type 
bulls represented 14.3% of the slaughter and had a prevalence of liver abscessation 
below 6% per year (Table 3.9).  
Table 3.9. The liver abscessation incidence and number of bulls slaughtered between 
2001-2005 for beef or dairy type bulls. 
Year Beef type Dairy type 
 
Abscessed 
(%) 
No 
abscess 
(%) 
Number of 
bulls 
slaughtered 
Abscessed 
(%) 
No 
abscess 
(%) 
Number of bulls 
slaughtered 
2001 4.72 95.3 4324 10.0 90.0 14958 
2002 3.81 96.2 3546 9.52 90.5 14554 
2003 5.26 94.7 3763 11.1 88.9 26207 
2004 4.85 95.1 3667 10.6 89.9 27094 
2005 4.87 95.1 3165 10.2 89.9 27097 
Mean/total 4.71
a
 95.3 18610 10.3
b
 89.7 110033 
Super script values represent differences (P<0.001) between incidence of liver abscessation between 
beef and dairy type bulls respectively. 
 
When these purpose type data were divided into seasonal incidence, both types 
showed a very similar distribution of abscessation throughout the season with the 
highest recorded incidence occurring during the summer months (November and 
December) for beef and dairy respectively; Table 3.10). Abscessation incidence then 
tended to decline throughout the remainder of the season except for a small rise in 
April for both purpose types. There are a number of differences observed which may 
relate to disparities in the production cycles of each system. The peak number of bulls 
killed for beef bull’s occurred in March whereas for those dairy bulls, the peak occurs 
in January. For beef bulls in the month of September, the reported incidence is 14.3% 
but analysis of the data shows only 21 bulls slaughtered this month and should be 
considered to be an anomaly due to the low number slaughtered.  
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Table 3.10. The total number of bulls slaughtered and mean incidence of liver 
abscessation throughout the production season for dairy and beef type bulls (all years 
combined). 
Month Beef type Dairy type 
 
Abscessed 
(%) 
Number of cattle 
slaughtered 
Abscessed 
(%) 
Number of cattle 
slaughtered 
August 
    
September 14.3 21 7.73 647 
October 5.32 1411 10.0 12159 
November 5.61 2050 12.0 17636 
December 6.46 1456 11.4 15731 
January 5.48 2664 11.3 19366 
February 3.77 3424 9.62 16167 
March 4.47 4053 8.17 15611 
April 5.09 1906 10.1 9491 
May 2.66 865 8.63 3695 
June 3.42 1461 9.10 5782 
July 5.54 379 8.08 1671 
Mean/total 4.74
a
 19960 10.3
b
 108683 
Super script values represent differences (P<0.001) between incidence of liver abscessation between 
beef and dairy type bulls respectively. 
 
In each month, beef type bulls had a heavier mean carcass weight than their dairy 
counterparts; generally by approximately 15-20 kg (Table 3.11). For both dairy and 
beef types; heavier weights occurred in the late spring and summer period followed 
by a decline though the later months of January to April. Over all months, mean 
carcass weight for beef bulls was 18 kg heavier than their dairy cohorts (332 ± 1.8 
versus 314 ±0.4 kg CW respectively; P<0.001). There were heavier carcass weights 
recorded through July and September particularly for beef bulls, but there was 
considerable variability with these values given the high SEM. This is due to a 
relatively low number of bulls slaughtered during these months (Table 3.10). 
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Table 3.11. The monthly mean carcass weight (kg ± SEM) of beef and dairy type bulls 
(all years combined).  
Month Beef type carcass weight (kg ± SEM) Dairy type carcass weight (kg ± SEM) 
August 
  
September 370 ± 15 339 ± 1.2 
October 349 ± 1.8 324 ± 0.3 
November 341 ± 1.6 324 ± 0.3 
December 346 ± 2.0 327 ± 0.3 
January 339 ± 1.3 322 ± 0.3 
February 330 ± 1.1 316 ± 0.3 
March 319 ± 0.9 303 ± 0.3 
April 316 ± 1.4 294 ± 0.3 
May 330 ± 2.7 287 ± 0.6 
June 325 ± 1.9 288 ± 0.5 
July 358 ± 4.3 292 ± 0.9 
Mean 332 ± 1.8
b
 314 ± 0.4
a
 
Super script values represent differences (P<0.001) between incidence of liver abscessation between 
beef and dairy type bulls respectively. 
 
3.4 Discussion 
3.4.1 Liver abscessation incidence and grade compared  
The annual incidence of liver abscesses (9.5%; Table 3.1) in bulls from the South 
Island of New Zealand between 2000 and 2005 is of concern to the bull production 
industry. This is very high in comparison to reports of pastoral production systems but 
is lower than that recorded internationally in the predominantly antibiotic medicated 
lot fed beef industries with 12 to 32% of cattle having liver abscessation at slaughter 
(Brink et al., 1990). 
 
Although the overall incidence is lower in this survey of pasture based bulls compared 
with feedlot cattle, the incidence of severe abscessation is considerably greater than 
that recorded in the North American feedlot industry. That industry has previously 
reported data of A+ graded abscesses (1 or more active abscesses > 2.5 cm in 
diameter and portions of the diaphragm may be adhered to the surface of the liver) 
accounting for between 33 and 53% of total abscessation recorded (see section (2.4.2) 
of the literature review. This is in comparison to our severe graded abscessation 
accounting for 66.3% of total abscesses recorded (Table 3.2). Differences between the 
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grading systems used may contribute to this difference but the incidence of severe 
liver abscessation in New Zealand appears to be higher than previously reported 
elsewhere in other production systems.  
3.4.1.1 Seasonal incidence of liver abscessation 
Figure 3.4 shows the influence of season on liver abscessation incidence between 
pastoral bull beef and international feedlot productions systems. Both sets of data 
follow a similar seasonal trend with the higher incidence occurring in the summer 
months and lowest occurring through winter. In both instances, this higher incidence 
throughout the summer may be related to an increased feed intake in both production 
systems in the spring- summer periods. It is proposed that under feedlot systems, the 
increased consumption of the high concentrate feed source gives rise to a higher 
SCVFA production and potential for SARA to occur, pre-disposing the cattle to 
rumenitis and potentially liver abscessation during the summer. (See section 3.4.3.1 
for further discussion on the reasons for these seasonal changes).  
 
Figure 3.4. The effect of season on the incidence of liver abscessation in cattle raised 
in feedlots (solid line) and pasture (dashed line). Data for feedlot raised animals 
sourced from Vogel and Parrott, (2003). Pasture based data gathered from this 
chapter. 
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3.4.2 Effect of bull type on liver abscess incidence 
Dairy type bulls and particularly Holstein- Friesians bulls had a higher incidence of 
liver abscessation in comparison to their beef cohorts or Jerseys (Table 3.9; Table 
3.10; section 3.3.5). This is in agreement with international literature which shows a 
near two fold greater incidence in Holstein- Friesian breed animals in comparison to 
Angus and Hereford breeds  (Nagaraja et al., 1996b; Nagaraja and Lechtenberg, 
2007). In fact, in this study the results were very similar to that reported 
internationally with liver abscess incidence being 2.2 times greater in dairy versus 
beef type bulls, respectively. There have been a number of explanations for this 
observation but to date there has been no definitive answer as to why Holstein- 
Friesian breeds have this apparent much greater liver abscess incidence. The most 
popular suggestion has been that because of their larger frame size, they remain on the 
feedlot for a longer period of time; 12% longer in some cases (Hicks et al., 1990) 
ensuring that they consume greater quantities of concentrate type feed potentially 
making them more susceptible to ruminal acidosis and suffer from rumenitis-liver 
abscessation complex syndrome.  
 
However, this research suggests that Friesian bulls do actually have an inherent higher 
susceptibility for liver abscessation. The lower incidence in Friesian cross bulls seen 
in this report (7.25%) in comparison to pure Friesian bulls (12.6%) does not support 
this argument as it would be anticipated that these crossbred bulls would take a longer 
period of time to reach target slaughter weights. The pure Friesian bred bulls are 
predominantly a by-product of the dairy industry; with the majority bred through 
artificial insemination using semen of a number of elite sire bulls depending on the 
company that individual dairy producers use. There is the possibility of a lineage 
effect i.e. genetic lines of bulls used as elite sires may have an inherent increased 
susceptibility for liver abscessation and/or conditions in the rumen which predispose 
them to liver abscessation.  
3.4.3 Regional differences on liver abscess incidence, bull carcass 
weights and timing of slaughter 
Table 3.3 shows that 72% of all bulls slaughtered were supplied from the Canterbury 
district, with this district recording the heaviest mean carcass weight in comparison to 
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those bulls slaughtered in other districts (320.2 kg CW versus the South Island mean 
of 310.9 kg CW). Under feedlot feeding situations, increased feeding intensity has 
been reported to be a significant factor in increasing the incidence of liver 
abscessation and is particularly important when animals are on the ‘step up’ 
programme from a predominantly forage based diet transiting through to a typical 100 
day finishing phase where animals are consuming a majority grain based concentrate 
diet. It could be hypothesised that, in Canterbury, the feeding intensity and farm 
performance was particularly high resulting in these relatively high CW values of 
bulls being slaughtered (Table 3.3) earlier in the season, particularly in the districts of 
Canterbury and Ashburton (Table 3.5). Alternatively it may be simply that there is a 
higher proportion of bulls slaughtered at 26-30 months of age (moa) but anecdotal 
evidence and personal communication with individual farmers of these districts 
suggests that 60% of bulls from the these district are slaughtered at 18-22 moa. When 
looking further afield to support this idea of a higher feeding intensity in the 
Canterbury district, production statistics from the South Island dairy industry season 
of 2004/2005 (Table 3.12) shows that the region of South Canterbury has the highest 
milk production in terms of per effective hectare (22% higher than the South Island 
average) and the second highest in terms of milk solid (MS) production per cow (360 
kg MS/cow versus 341 for average for the South Island). This along with the 
relatively high proportion of dairy type bulls (92%) would suggest the high level of 
production and therefore feeding intensity may relate to the high incidence of liver 
abscessation as reported in these areas (Table 3.3).  
Table 3.12.  The South Island regional dairy production statistics in terms of mean 
milk solid production per effective hectare (kg MS/effective ha) and mean milk solid 
production per cow (kg MS/cow) for the season 2004/2005. Adapted from 
Anonymous (2005). 
District Mean kg MS/effective ha Mean kg MS/cow 
Nelson/Marlborough 876 322 
West Coast 633 294 
North Canterbury 1119 367 
South Canterbury 1148 360 
Otago 962 345 
Southland 948 351 
South Island 940 341 
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In general, as the season progressed, mean bull carcass weight declined suggesting the 
transition from slaughtering bulls aged 26-30 moa earlier in the season to slaughtering 
predominantly 18-22 moa bulls from February onwards (Table 3.5). This is supported 
by Table 3.11 showing declining carcass weights in dairy bulls from December to 
May. Unfortunately, the age of the bulls at the time of slaughter was not recorded in 
the database. Bulls raised on an aggressive pasture feeding system and slaughtered at 
18-22 moa would be predominantly slaughtered from February-July; in contrast, bulls 
that do not reach slaughter target weights at 18-22 moa as a result of being reared on a 
lower plane of nutrition are subsequently carried for a second winter and slaughtered 
during September to December; hence the heavier carcass weights in these months. 
Both Table 3.5 and Table 3.8 support this showing considerably heavier CW values 
and higher percentages of animals slaughtered with CW exceeding 320 kg for the 
months of September through to December indicating a high proportion of bulls at 26-
30 moa being slaughtered. It would be difficult for 18 moa bulls to be ready for 
slaughter in September- December (requiring an approximate mean LWG of greater 
than 1.35 kg/d for the entire production cycle). Table 3.8 also shows increasing 
percentages of bulls slaughtered having carcass weights less that 290 kg, particularly 
from February onwards. This is most probably due to a combination of an increase in 
the number of bull’s aged 18-22 moa being slaughtered and, particularly from March, 
a lowering by producers of the target LW required for bulls to be sent to slaughter to 
avoid having to carry these bulls through a another winter when pasture supply is 
reduced and supplementary feed costs are high.  
3.4.3.1 Feeding intensity 
As shown in Figure 3.4 and Table 3.2; there is a seasonal distribution in the incidence 
of liver abscessation with a peak in the incidence of liver abscesses occurring during 
spring and early summer period. There may be a relationship with this seasonal 
increase in liver abscessation incidence and the intensification of feeding during this 
period where pasture quality and production is at its highest and where bull dry matter 
intake and stocking rate are also at their highest to utilise the feed available. It would 
certainly seem that during those months of October- November, predominately bulls 
aged 26-30 moa are slaughtered (Table 3.8, Table 3.11); during their winter feed 
management protocols, these bulls are fed to satisfy their maintenance requirements. 
With the increase in spring pasture growth; these bulls are then transitioned in a short 
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period of time from a maintenance diet to consuming large intakes of high quality 
pasture, to make the most of compensatory growth. The peak in the incidence of liver 
abscessation and peak slaughter periods of these 26-30 moa bulls would appear to 
coincide. One explanation for this is that the transition from a winter feeding regime, 
where bull feed intakes are relatively limited, through to the spring feeding period 
provides favourable conditions for the growth of F. necrophorum in the rumen. 
International literature has shown that the transitional diet from a predominantly 
forage-hay to grain diet increases the population of F. necrophorum in the rumen (Tan 
et al., 1994a). This diet change can lead to SARA and effectively result in 
abscessation of the liver through passive migration of F. necrophorum through the 
ruminal wall and into the portal circulatory system under these feed lot, high 
concentrate fed situations (Tadepalli et al., 2009). This is currently the accepted 
aetiology of the disease syndrome under these feedlot conditions. Recent work 
performed by Gibbs and Laporte- Uribe (2007) and others (Kolver, 1998; de Veth and 
Kolver, 2001b; Taweel, 2004; Williams et al., 2005) have shown major diurnal rumen 
pH changes occurring in the rumen of cattle fed pasture diets with rumen pH typically 
reaching a nadir of  less than 5.6 units daily.  
 
However, these pH results do not appear to be associated with rumen dysfunction nor 
detrimental animal performance with Gibbs and Laporte- Uribe (2007) concluding 
that pasture based rumen pH patterns are fundamentally dissimilar to those reported 
for TMR cattle and that pasture based cattle do not have SARA. This of course allows 
for potentially redefining known SARA thresholds under these intensive pasture 
based systems of feeding; further work is described later in this thesis of the theories 
for why liver abscessation may be occurring in these bulls. 
3.4.4 Effect of liver abscess grade on bull carcass weight 
There appears to be an association of bulls with heavier mean carcass weight having 
abscesses graded as moderate; (Table 3.6; P<0.001), (Table 3.7; P<0.05) with no 
statistical differences between other grades. Even though statistically significant, from 
a production perspective these differences are perhaps minimal with differences of 5 
and 3 kg CW for the yearly and monthly analysis respectively. Of particular interest is 
that there were no differences observed in CW for bulls with severe versus no 
abscesses (318 ± 0.5 and 317 ±0.1 respectively; yearly analysis). In comparison, data 
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from international feedlots (see section 2.4.4 of the literature review) recorded A+ 
abscessed animals having CW 36 kg lighter than animals with livers graded as nil 
abscessation (310 versus 274 kg CW respectively; (Montgomery, 1985). International 
literature also shows that cattle having abscesses graded as A+ have reduced 
performance and carcass dressing out %, (Brink et al., 1990) with the other grades of 
abscessation having no influential effect on animal performance or carcass 
characteristics. 
3.4.5 Changes in abscess grade through the season 
The progressive nature of abscess maturation is of particular interest to this study in 
identifying any effect of plane of nutrition at any given point in time on abscess 
formation and development and how this is then related to animal performance and 
abscess severity at the time of slaughter. Even though peak abscessation occurs in 
November-December, there is an increase in the proportion of severe abscesses as the 
season progresses (Figure 3.1). There are two main factors which may be involved; 
firstly this trend could be attributed to the higher proportion of 18-22 moa bulls being 
slaughtered later in the season (Figure 3.3). A higher feeding intensity is required for 
these younger bulls to reach target LW for slaughter in February-June (as evidenced 
by the high percentages of bulls with carcass weights less than 290 kg; Table 3.8). 
Alternatively the incidence of severe abscessation may also be complicated by 
potential reduced animal LWG; particularly those animals with severe abscessation (a 
combination or 18-22 and 26-30 moa bulls) may take a longer period of time to reach 
target LW for slaughter due to their lower LWG. This was not recorded in this study 
but this syndrome of reduced animal performance is supported internationally where 
animals on feedlots having A+ liver abscessation are on the feedlot for a longer period 
of time as well as reduced and downgraded carcass characteristics in comparison to 
animals with lower grades of abscessation (Brink et al., 1990; Nagaraja et al., 1996b; 
Nagaraja and Lechtenberg, 2007) see section 2.4.4 of the literature review.  
 
Alternatively, there are few studies evaluating the abscess growth and formation 
assessed by ultrasound in animals which have had cultures of F. necrophorum 
injected into the portal vein. Abscess formation occurred within 3-10 days post 
inoculation (Jensen et al., 1954; Itabisashi et al., 1987; Lechtenberg and Nagaraja, 
1991) and scarification occurred within 45-180 days (Jensen et al., 1954). Anecdotal 
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evidence reported by Nagaraja and Lechtenburg (2007) on abscess formation 
suggested that abscessation primarily occurred approximately 60 days pre-slaughter in 
cattle from the North American feedlot industry whilst animals are consuming the 
highest concentrate total mixed ration feeds. It would appear that from this study and 
from anecdotal evidence that abscess formation can occur relatively quickly (within 
3-14 days) and the length of time taken for the abscesses to be reabsorbed and 
scarification to occur can take a very long time (i.e. months).  
 
Hypothetically, the time to re-absorption of an individual abscess might be a function 
of the initial size of the mature abscess and furthermore, animals may have a number 
of abscesses being created, growing, reabsorbing and scarifying at any one point in 
time. In this New Zealand intensive pastoral based work, we observed an increase in 
the incidence of liver abscessation occurring in the late spring and early summer 
months (November-January; Figure 3.4, Table 3.2). It could be postulated that initial 
abscess formation occurred as a function of the winter-spring regime feeding 
transition, particularly in 26-30 moa bulls, with those abscesses graded as severe 
peaking between December-January being initiated in this early- mid spring 
(September-October) transition period. Such disease aetiology is indirectly supported 
by the proportionality of severe graded abscesses showing an almost linear increase as 
the season progresses (Figure 3.1), reflecting those larger abscesses taking longer to 
heal and scarify. Because of their large size, the time for them to decay is longer and 
as a result, they were graded as severe and accumulate as the season progresses.  
 
In contrast, the number of abscesses graded as moderate and minor was decreasing 
and remaining relatively stable respectively (Figure 3.1). Because of their inherently 
smaller size the relative time for them to heal is shorter. Abscesses of a moderate 
grade begin during the early spring feeding transition period, peak in size during 
November, remain stable for a time and then begin to decline during the progression 
of the season. Unfortunately the work into this area is severely limited by the scarcity 
of published work and no definitive conclusion can be reached at present. Further 
work determining the actual periods when abscessation is initiated in pasture based 
systems is required.  
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The high liver abscessation rate in April  is also mostly attributed to a rise in the 
incidence of severe abscessation (Table 3.2) with no rise occurring in moderately 
graded and only a small rise in minor graded abscessation incidences. It would be 
difficult to accurately ascertain why this is the case but may be ascribed to the rise in 
the proportion of dairy bred bulls slaughtered during this month and also producers 
selling bulls which are not expected to achieve market slaughter LW nor are 
profitable to keep for a second winter there by effectively culling them. These bulls 
may also be directly affected sub-clinically by current abscessation during the spring-
summer period, resulting in a reduced LWG over this period further contributing to 
their poor LWG and selection for culling in the April month.  
3.5 Conclusions 
The prevalence of liver abscesses in a selection of bulls slaughtered in the South 
Island of New Zealand is at 9.5%. This prevalence was strongly related to the primary 
source of bulls for the bull beef industry, Holstein- Friesian breed sourced from dairy 
operations. There is a clear seasonality to the incidence of cases with the highest rate 
occurring in the late spring and early summer period. There is also a regional 
distribution of liver abscesses with most of that higher incidence variation associated 
with a higher proportion of dairy type bulls and intensive feeding management. Under 
intensive pastoral based feeding conditions, there are some indications that liver 
abscesses affect negatively bull LWG and carcass weight. The working hypothesis for 
the seasonal variation in incidence is that the transition from a low feed intake in 
winter to a high intake of highly digestible pasture in the spring triggers the onset of 
liver abscessation. The apparent seasonal increase in the proportion of severe 
abscesses may simply reflect the larger number of younger bulls reaching critical LW 
for slaughter later in the season or perhaps earlier resolution of less severe abscesses 
and lower bull LWG as a result of severe abscessation. The absence of any significant 
detrimental effect of liver abscessation on bull carcass weight may reflect the later 
slaughter of those severely affected bulls given the increased proportion of severe 
abscesses as the season progresses. 
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4 CHAPTER 4. IDENTIFICATION OF THE BACTERIAL 
SPECIES PRESENT IN THE LIVER ABSCESSES 
OF NEW ZEALAND BEEF BULLS 
4.1 Introduction 
The species of bacteria in liver abscesses of cattle fed TMR based diets have been 
extensively studied (Section 2.4.8). Under these circumstances, the accepted theory is 
that SARA alters epithelial integrity enabling bacteria to migrate through erosions of 
the ruminal wall and colonise liver (Owens et al., 1998; Oetzel, 2003; Marie Krause 
and Oetzel, 2006; Nagaraja and Titgemeyer, 2007; Plaizier et al., 2008; Tadepalli et 
al., 2009). The issue of liver abscesses under New Zealand’s pastoral feeding systems 
appears to be a recent problem (Gibbs et al., 2008) and there is little available 
research in the field therefore there is a need for fundamental understanding of the 
species of bacteria present in the abscesses to better understand the aetiology of liver 
abscessation occurring in New Zealand pastoral based system of intensive agriculture. 
This chapter details the research to identify the species of bacteria present in the liver 
abscesses of beef bulls of New Zealand. The hypothesis is that there a number of 
bacterial species in these liver abscesses, primarily F. necrophorum and other 
facultative pathogenic anaerobe species present. 
4.2 Methods and materials 
4.2.1 Sample collection 
Samples of liver abscesses were collected from a beef animal slaughtering facility 
located in the South Island of New Zealand. Sampling took place monthly from 
September 2007 to June 2008 and for each sampling period approximately 5 animals 
with identified abscessation were sampled for liver rumen wall, and rumen digesta 
contents.  
 
As individual animals were processed after slaughter, the gastrointestinal tract (GIT) 
was examined and livers of all animals were scored for the presence of liver 
abscesses. Affected livers had abscesses removed intact and immediately placed in a 
sealed container in ice ready for transport to the Lincoln University Rumen Function 
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Laboratory. Rumen wall and contents samples were also removed affected animals, 
approximately 5 x 5 cm slices or rumen wall were removed from the ventral sac 
region of the rumen and placed into sterile 60 ml containers kept in an ice slurry; in 
addition 150 grams of rumen contents was obtained from the ventral sac of the rumen, 
placed into a sterile container and kept in an ice slurry. The time taken from slaughter 
of the animal to abscess collection and placement in ice was no more than 15 minutes 
and samples were transported to the laboratory and processed on the same day.  
 
The individual abscesses were removed from their containers and scored according to 
the internationally recognised grading system (Brink et al., 1990). An incision was 
made across the entire length of the abscess with a sterile scalpel blade and one 
millilitre of purulent material was removed, recorded and frozen at -20
o
C for later 
genomic DNA extraction. In total 50 bulls were sampled. 
4.2.2 Bacterial culture protocols 
An incision was made through the capsule of the abscess with a pre-sterilised scalpel 
and a gamma sterilised O- ring was inserted into the capsule and smeared onto 5% 
blood agar plates (5% defibrinated sheep’s blood and Wilkens Charlgren anaerobic 
agar (50 ml fresh defibrinated sheeps blood, 37 g Wilkens Charlgren anaerobic agar 
powder per litre (DSB-WCA)). DSB-WCA plates were then immediately placed into 
an air tight plastic jar containing 2 x 3.5 litre anaerobic sachets (anaeroGEN, Oxoid 
Ltd., Hampshire United Kingdom (UK)) with a anaerobic indicator (Oxoid Ltd., 
Hampshire, UK) and grown at 37
o
C overnight. From these DSB-WCA plates, 
individual colonies were identified and collected (based on their morphological 
characteristics) and re-cultured until a mono culture of the bacterial species identified 
was present on a single DSB-WCA plate. A single colony was then removed and 
grown in pre-reduced brain heart infusion (BHI) broth for a 10-12 h period till an 
optical density of 0.6 was obtained through spectrometry. Purity of single cultures 
was ensured by streaking the broth culture onto pre reduced blood agar plate and 
grown under anaerobic conditions at 37
o
C for 24h. Biochemical and morphological 
analysis was then performed on these cultures to determine the bacterial species 
present using the Rapid-ANA biochemical analysis assay kit (Innovative Diagnostic 
Systems, Atlanta, GA) using the manufacturer’s instructions. Determination of the 
biovars  of F. n. necrophorum and F. n. funduliforme was then made based on the 
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gram stain of the cultures and morphological analysis described by Nagaraja et al., 
(1999a).  
 
DNA extraction was also performed from these grown single species cultures through 
removing a sample of culture and boiling standard phenol/chloroform extraction 
protocols. The same PCR, cloning and sequencing protocols as stated below were 
then applied for determination of the species against internationally submitted DNA 
sequences and the sequences obtained from the mixed culture abscesses. This was 
performed to verify species and sub-species present through both cultures obtained 
and against wild type DNA extractions were the same and to allow comparisons 
between the species/biovars obtained with those published internationally. 
4.2.3  Extraction of genomic DNA   
The protocols of Whitford  et al., (1998) were used for genomic DNA (gDNA) 
extraction of samples collected from rumen liver abscess samples. The methods 
consist of rapid bead beating (RBB) where 0.5 g of material was placed into pre-
sterilised bead beating tubes containing 0.25 g of 0.1mm zirconia beads (Daintree 
Scientific, Queensland, Australia) and immersed with 700 µl of TE buffer (10mM 
Tris-HCL; 0.1mM EDTA; pH 8.0), 700 µl of buffer saturated phenol (pH 7.7-7.8) and 
20 µl of 20% SDS solution . These were then beaten with a mini beadbeater-8 (Bio-
Spec Products Bartlesville, OK, USA) for periods of 2 min replicated three times with 
samples placed in ice between beating events. The homogenate was then centrifuged 
at 6000 rpm for 5 min and the upper aqueous phase was removed and placed into 
another container, to this was added 700 µl of chloroform and the samples were then 
inversed manually for 5 min. Samples were then centrifuged at 10000 rpm for 10 min 
and the upper aqueous phase removed and added to a fresh tube, 20 µl of RNase (10 
mg/ml) was then added and left to incubate in a pre-warmed waterbath at 39
o
C for 1 
h. After the incubation period, 700 µl of buffer saturated phenol was then added to 
each of the sample tubes and inversed manually for a period of 5 min and then 
centrifuged for 10 min at 10000 rpm, the upper aqueous phase was then removed and 
placed into a fresh tube.  Equal proportions of phenol/chloroform (350 µl each) was 
then added to each tube and inverted for 5 min then centrifuged at 13200 rpm for 10 
min with the upper aqueous phase removed after centrifugation and placed into a 
fresh tube. To this, 700 µl of chloroform was added and the samples inverted 
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manually for 5 min. Samples were then centrifuged at 13000 rpm for a period of 10 
min and the upper aqueous phase removed and placed into a fresh tube. The volume 
of each removed sample was then measured using a 1 ml pipette and half of this 
measured amount was removed and placed into a secondary fresh tube, 0.25 and 2.5 
times these half volumes were calculated and 3M sodium acetate and ice-cold 
absolute ethanol respectively were then added to each sample tube; samples were then 
left at -20
o
C overnight.  
 
The following day, all samples were centrifuged at 13000 rpm for 10 min and the 
supernatant removed ensuring that the resulting pelleted DNA at the bottom of the 
tubes was left intact, 1000 µl of  ice cold 70% ethanol was then added to each tube 
and spun down at 13000 rpm for 10 min. Finally, the supernatant was again removed 
ensuring the pelleted DNA was left intact and samples were placed into a pre warmed 
centrifuged drier set at 60
o
C and left to dry for 15 min, 250 µl of sdH2O was then 
added to each tube, left to incubate for 10 min, vortexed briefly and the two 
subsamples added together and stored at -20
o
C for later analysis. Total DNA 
concentration, purity and fragment size were determined using a nano-spectrometer 
(NanoDrop Products, Wilmington, USA) (absorbance at 260/280 nm) and standard 
1% agarose gel electrophoresis using a 1 kb ladder respectively.  
4.2.4 Polymerase chain reaction protocols 
4.2.4.1 General bacterial species identification 
PCR was conducted on the diluted (1µl gDNA in 99 µl sdH2O) DNA extracted from 
the liver abscess samples using hypervariable V2V3 primer sets of the bacterial 16S 
rRNA gene. Primer sets were created and used, namely; 341F-GC: 5’-CGC CCG 
CCG CGC GCG GGC GGG GCG GGG GCA CGG GGG GCC TAC GGG AGG 
CAG CAG-3’ and the reverse primer 534R: 5’-ATT ACC GCG GCT GG-3’ (Muyzer 
et al., 1993). The PCR reactions were performed in a 50 µl vessel containing 37.8 µl 
of sdH2O, 5.0 µl of 10 x PCR buffer containing 25 µl MgCl2, 4.0 µl of dNTPs (1.25 
mM), 1.0 µl of 341f-GC primer (12.5 pmol/µl), 1.0 µl of 534R primer (12.5 pmol/µl), 
0.2 µl of Taq polymerase (5U/µl) and 1.0 µl of template gDNA The conditions for the 
PCR reaction were one cycle of denaturation at  95
o
C for 5 min followed by 5 cycles 
of  amplification at 95
o
C for 30 s, 65
o
C for 10 s and 72
o
C for 30 s, this was then 
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followed by 19 cycles of ‘touch down ‘ 95oC for 30 s, 65oC for 10 s and 72oC for 30 s 
with temperature declination of 0.5
o
C per cycle. An annealing step of 11 cycles at 
95
o
C for 30 s, 55
o
C for 10 s and 72
o
C for 30 s, finishing with an additional extension 
at 72
o
C for 5 min and completed with 4
o
C until removal.  
 
The size and quality of PCR products produced for the V2V3 amplification was 
determined using 2% agarose gel electrophoresis ran at 95V at 400mA for 90 min in 
TBE buffer (89 mM Tris–borate, 89 mM boric acid, 2 mM Na2EDTA [pH 8.9]) with a 
1000 base pair (bp) ladder as marker and GelRed (Biotium, Inc., California, USA) as 
the stainer. All agarose gels were illuminated under an ultra violet light using a 
BIORAD Molecular Imager Gel Doc XR System (BIORAD Laboratories, Hercules, 
California, USA). Successful amplification was determined when there was a single 
band present at approximately 200 bp (192 bp amplicon) post-agarose gel staining. 
4.2.5 Denaturing gradient gel electrophoresis methodology 
Denaturing gradient gel electrophoresis (DGGE) was performed to differentiate the 
PCR products obtained from the V2V3 region amplification into profiles which 
represented the abundance and diversity of the bacterial population present in the 
samples. The BioRad D Gene mutation detections system (BIORAD Laboratories, 
Hercules, California, USA) was used to perform DGGE using the manufacturer’s 
instructions under a 30-60% gradient of denaturants (formamide/urea) and 8% 
acrylamide seal. Gels were poured and set to PAG film (20.3 x 26 cm, cut to suit; GE 
Healthcare, Fisher Scientific, Loughborough, United Kingdom). Each gel was run for 
a period of 18 h at 100 V in 0.5% TAE (Tris–acetate, 0.04M; EDTA, 0.01M) buffer at 
60
o
C and stained using the quick silver staining method to visualise the DNA post 
electrophoresis (Radojkovic and Kusic, 2000). After staining, gels were immediately 
scanned using an HP scanjet (Hewlett- Packard Company, Palo Alto, California, 
USA) and placed into a fridge for storage. 
4.2.6 Band selection, purification and cloning procedures from 
denaturing gradient electrophoresis gels 
Following DGGE on the V2V3 amplified genomic DNA; dominant bands were 
selected based on the intensity of the stain and their commonality or lack thereof 
across the samples collected. A sample of the amplified DNA was obtained through 
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the band stabbing technique whereby individual bands were stabbed with a sterile 
1000 µl pipette tip and placed into a PCR reaction vessel as described above for 
V2V3 PCR, left to stand for 5 min and spun down (2 PCR reactions per band stab). 
These selected bands were then re-amplified using the V2V3 primer sets, checked on 
a 2% agarose electrophoresis gel for successful amplification and DGGE performed 
to ensure homogeneity and conformity between selected bands and the entire samples 
targeted by observation of band placement within the gel.  Following confirmation of 
correct band placement on the gel and hence identification of bacteria species of 
interest, remaining PCR product were purified using the QIAquick PCR purification 
kit (QIAGEN, Doncaster, Victoria, Australia). 
4.2.6.1 Clone library preparation 
Clone libraries of selected bands were constructed using the TOPO TA Cloning Kit 
(Invitrogen, Carlsbad, California, USA) with Escherichia coli One Shot® Mach1™-
T1R chemically competent cells using pCR2.1-TOPO vectors. Following 
transformation, using the manufactures instructions,  the ligation mixes for each band 
of interest were incubated overnight at 37
o
C for growth of the transformed E. coli; 
blue-white screening of transformants was performed on Luria-Bertani (LB) agar 
plates containing 50 mg/ml of ampicillin and top spread with 40 µl of X-Gal (5-
Bromo-4-chloro-3-indoyl-β-D-galactopyranoside; 20 mg/ml) and 12 µl of Isopropyl-
β-D-thio-galactoside (IPTG). Following incubation, pure white (positive) individual 
clones were identified and re-cultured in a grid formation for each individual selected 
band of interest. Samples of individual clones were then placed into 50 µl sdH2O and 
lysed at 70
o
C for 5 min, and spun at 13000 rpm for 1 min. One µl of this lysate was 
then re-amplified using V2V3 primer sets and DGGE performed alongside the 
respective bands of interest to ensure clones contained the correct DNA amplicon. In 
the case where the PCR amplicon matched the band of interest post-secondary 
DGGE, a single colony of E. coli containing the construct of interest was inoculated 
into 3 ml ampicillin LB medium broth and incubated at 37
o
C overnight shaken 
orbitally at 250 rpm. Upon successful growth of the E. coli in broth, plasmid DNA 
was extracted using the QIAprep Spin Miniprep Kit, QIAGEN, Doncaster, Victoria, 
Australia) using the manufacturer’s instructions and PCR plasmid DNA was purified 
using the QIAquick PCR Purification Kit (QIAGEN, Doncaster, Victoria, Australia). 
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4.2.7 Storage of transformed E. coli cells 
A single colony of E. coli containing the construct of interest was inoculated into 3 ml 
ampicillin LB medium broth and incubated at 37
o
C overnight shaken orbitally at 250 
rpm. From this successful growth medium, 1 ml was removed via pippetting and 
inoculated into a beadstock containing cryovial according to the manufacturer’s 
instructions (Microbank
®
 Pro-Lab diagnostics, Ngaio Diagnostics, Nelson, New 
Zealand). Excess supernatant was then removed from the beadstock vial and the vial 
was stored in a -80
o
C ultra-cool freezer. 
4.2.8 Sequencing of clone products and bacterial species 
identification 
Selected DNA fragments of the correct size and placement were sequenced from 
clones for each respective band; clones were deemed the same when 4 of the 5 bands 
upon secondary DGGE matched the exact placement of V2V3 region DNA hence 
matching it to the band of interest and the species/biovar of bacteria present.  
 
A typical 10 µl sequencing reaction was performed using 1x BigDye
®
 Terminator V 
3.1, 5 x sequencing buffer, (Applied Biosystems Inc., California, USA), 1 x ABI 
PRISM
®
 BigDye
® 
Terminator V 3.1 premix, 0.3µM sequencing primer, either  M13 
forward (5’ – G TAA AAC GAC GGC CAG-3’) and reverse primer set (5’ – CAG 
GAA ACA GCT ATG AC- 3’) or V2V3 primer sets as stated above, DNA template 
(either purified, cleaned plasmid DNA or cleaned PCR product) and sdH2O. The 
conditions for the sequencing reaction consisted of a single cycle at 96
o
C for 1 
minute, and 25 cycles of 96
o
C for 10s, 50
o
C for 5s, and 60
o
C for 4 minutes. The 
reaction vessels were then taken to Lincoln University Bio-Protection Research 
Centre Facility for sequencing and sequenced on an ABI Prism 3100-Avant Genetic 
Analyser with a 4 capillary 80 cm array installed using Performance Optimised 
Polymer 6 (POP6). All successful products were then analysed with DNASTAR 
Lasergene analysis software, (DNASTAR, Madison, Wisconsin, USA). A BLAST 
algorithm search was then conducted using the NCBI GenBank 
(http://www.ncbi.nlm.nih.gov/) databases and species/biovars were detected based on 
the similarity between the extracted cloned sequence samples and those previously 
deposited in Genbank. A phylogenetic tree was then constructed to determine 
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similarity between the genetic sequences of the samples identified and those 
previously published internationally. Determination of species and sub-species 
identity were made when correct sequence identity matched at minimum  96% and 
99% similar for species and/or sub-species determination respectively. 
4.3 Results 
4.3.1 Species present identified through polymerase chain reaction 
and clone library creation 
In total, 48 samples were removed from liver abscesses across a the 2007-2008 bull 
slaughter season. Plate 4.1 A to Plate 4.3 F show these samples as displayed on 
DGGE gels. Samples are labelled 1 through to 48 where Fnn and Fnf represent pure 
cultures of either F. n. necrophorum or F. n. funduliforme respectively showing that 
both of these species produce multiple bands. Both pure cultures of F. n. 
necrophorum and F. n. funduliforme had a predominant banding pattern represented 
by the red rectangle in Plate 4.1 A. All sampled liver abscesses also contained this 
banding pattern.  The red circle on Plate 4.1 A shows a secondary banding pattern in 
F. n. necrophorum which is not present in the pure culture samples of F. n. 
funduliforme. Many of the New Zealand liver abscess DNA samples also contained 
another band represented by the red arrow on Plate 4.1 A. Of the 48 samples, 32 
contain this band (71%) which does not seem to be present in the pure culture samples 
of F. n. necrophorum or F. n. funduliforme.  
 
Only 3 of the samples contained any other banding pattern potentially representing 
bacterial species other than either of the F. necrophorum sub-strains, these are located 
on lanes 6, Plate 4.1 B; lane 15, Plate 4.1 B and lane 36, Plate 4.3 of the DGGE gels. 
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Plate 4.1. A and B. Denaturing gradient gel electrophoresis gels of genomic DNA samples from liver abscess samples amplified with V2V3 primers with polymerase chain 
reaction. L represents a standard ladder for all gels, Fnn represents samples removed from a pure culture of Fusobacterium necrophorum necrophorum and Fnf represents a 
pure culture of Fusobacterium necrophorum funduliforme. Numbered items and highlighted areas of the figure refer to discussion points within the text.  
15 
6 
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Plate 4.2. C and D. Denaturing gradient gel electrophoresis gels of genomic DNA samples from liver abscess samples amplified with V2V3 primers with polymerase chain 
reaction. L represents a standard ladder for all gels, Fnn represents samples removed from a pure culture of Fusobacterium necrophorum necrophorum and Fnf represents a 
pure culture of Fusobacterium necrophorum funduliforme. Numbered items and highlighted areas of the figure refer to discussion points within the text. 
29 
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Plate 4.3. E and F. Denaturing gradient gel electrophoresis gels of genomic DNA samples from liver abscess samples amplified with V2V3 primers with polymerase chain 
reaction. L represents a standard ladder for all gels, Fnn represents samples removed from a pure culture of Fusobacterium necrophorum necrophorum and Fnf represents a 
pure culture of Fusobacterium necrophorum funduliforme. Numbered items and highlighted areas of the figure refer to discussion points within the text. 
34 
36 A 
36 B 
39  
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4.3.2 Band stabbing, cloning and sequencing 
Arrows indicating at positions 29, 34 and 39 were band stabbed, cloned and 
sequenced. Sequencing data from these individual bands produced a 178 bp amplicon 
which matched 98% to that of the F. necrophorum 16S ribosomal RNA partial 
sequences with only 3 bp differences for bands 29 and 39 and an exact match for band 
34 with that of F. n. necrophorum (ATCC 25286) (Figure 4.1).  
 
Band 15 produced a 187 bp amplicon which had a 100% match to Provetella species 
of bacteria (Figure 4.2). Band 36 produced a 188 bp fragment which matched 99% to 
the partial 16S ribosomal RNA sequence of Porphyromonas species with only 2 
mismatches present in the sequence (Figure 4.3). A sample of DNA from band 6 of 
sufficient quality from the resultant clone product was unable to be obtained for 
sequencing. 
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Figure 4.1. Alignment of the forward V2V3 sequence patterns of bands 29, 34 and 39 with that of Fusobacterium necrophorum necrophorum 
(ATCC 25286) partial sequence of the 16S ribosomal RNA gene. Red shaded areas show minor dissimilarities of bands 29 and 39 at positions 
340, 362, and 429. 
 
Figure 4.2. Alignment of the forward V2V3 sequence pattern of band 15 with that of Prevotella species partial sequence of the 16S ribosomal 
RNA gene. 
- - - - - - - - - - - - - - - - - - TACGGGAGGCAGCAGTGGGGAXTATTGGACAATGGACCACAAGXCTGATCCAGCAATTCTGTGTGCACGATGACGTTTTTCGMajorit y
310 320 330 340 350 360 370 380 390 400
- - - - - - - - - - - - - - - - - - TACGGGAGGCAGCAGTGGGGAGTATTGGACAATGGACCACAAGCCTGATCCAGCAATTCTGTGTGCACGATGACGTTTTTCG 8229F v 2v 3 segm ent
- - - - - - - - - - - - - - - - - - TACGGGAGGCAGCAGTGGGGAATATTGGACAATGGACCACAAGTCTGATCCAGCAATTCTGTGTGCACGATGACGTTTTTCG 8234B2R V2V3 segment
- - - - - - - - - - - - - - - - - - TACGGGAGGCAGCAGTGGGGAGTATTGGACAATGGACCACAAGCCTGATCCAGCAATTCTGTGTGCACGATGACGTTTTTCG 8239AF V2V3 segment
AGACACGGCCCTTACTCCTACGGGAGGCAGCAGTGGGGAATATTGGACAATGGACCACAAGTCTGATCCAGCAATTCTGTGTGCACGATGACGTTTTTCG 400Fuso necro ATCC 25286_1. seq
GAATGTAAAGTGCTTTCAGTCGGGAAGAXGTCAGTGACGGTACCGACAGAAGAAGCGACGGCTAAATACGTGCCAGCAGCCGCGGTAATXXXXXXXXXXXMajorit y
410 420 430 440 450 460 470 480 490 500
GAATGTAAAGTGCTTTCAGTCGGGAAGAGGTCAGTGACGGTACCGACAGAAGAAGCGACGGCTAAATACGTGCCAGCAGCCGCGGTAAT            17129F v 2v 3 segm ent
GAATGTAAAGTGCTTTCAGTCGGGAAGAAGTCAGTGACGGTACCGACAGAAGAAGCGACGGCTAAATACGTGCCAGCAGCCGCGGTAAT            17134B2R V2V3 segment
GAATGTAAAGTGCTTTCAGTCGGGAAGAGGTCAGTGACGGTACCGACAGAAGAAGCGACGGCTAAATACGTGCCAGCAGCCGCGGTAAT            17139AF V2V3 segment
GAATGTAAAGTGCTTTCAGTCGGGAAGAAGTCAGTGACGGTACCGACAGAAGAAGCGACGGCTAAATACGTGCCAGCAGCCGCGGTAATTACGTATGTCG 500Fuso necro ATCC 25286_1. seq
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXATTACCGCGGCTGCTGGCACGGMajority
810 820 830 840 850 860 870 880 890 900
AACTTTCACAGCTGACTTAAGCGCCCGCCTACGCTCCCTTTAAACCCAATAAATCCGGATAACGCTAGGATCCTCCGTATTACCGCGGCTGCTGGCACGG 900Prevotella sp
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ATTACCGCGGCTGCTGGCACGG 2215A1 V2V3 segm ent
AGTTAGCCGATCCTTATTCATAAGGTACATGCAAACAGGTACGCGTACCCGCAATTATTCCCTTATAAAAGAAGTTTACAACCCATAGGGCAGTCATCCTMajority
910 920 930 940 950 960 970 980 990 1000
AGTTAGCCGATCCTTATTCATAAGGTACATGCAAACAGGTACGCGTACCCGCAATTATTCCCTTATAAAAGAAGTTTACAACCCATAGGGCAGTCATCCT 1000Prevotella sp
AGTTAGCCGATCCTTATTCATAAGGTACATGCAAACAGGTACGCGTACCCGCAATTATTCCCTTATAAAAGAAGTTTACAACCCATAGGGCAGTCATCCT 12215A1 V2V3 segm ent
TCACGCTACTTGGCTGGTTCAGGCTTCCGCCCATTGACCAATATTCCTCACTGCTGCCTCCCGTAXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXMajority
1010 1020 1030 1040 1050 1060 1070 1080 1090 1100
TCACGCTACTTGGCTGGTTCAGGCTTCCGCCCATTGACCAATATTCCTCACTGCTGCCTCCCGTAGGAGTTTGGACCGTGTCTCAGTTCCAATGTGGGGG 1100Prevotella sp
TCACGCTACTTGGCTGGTTCAGGCTTCCGCCCATTGACCAATATTCCTCACTGCTGCCTCCCGTA                                    18715A1 V2V3 segm ent
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Figure 4.3. Alignment of the forward V2V3 sequence pattern of band 36 with that of Porphyromonas species partial sequence of the 16S 
ribosomal RNA gene. Red shaded areas show sequence dissimilarities at positions 360, 363 and 364.  
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXTACGGGAGGCAGCAGTGAGGAATATTGGTCAATGGGCGAGAGCCTGAAMajority
210 220 230 240 250 260 270 280 290 300
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - TACGGGAGGCAGCAGTGAGGAATATTGGTCAATGGGCGAGAGCCTGAA 4836A V2V3 segm ent
GGGACTGAGAGGTTGACCCCCCACACTGGTACTGAGACACGGACCAGACTCCTACGGGAGGCAGCAGTGAGGAATATTGGTCAATGGGCGAGAGCCTGAA 300Porphyromonas sp_1.seq
CCAGCCAAGTCGCGTGAAGGAAGACGGTTCTATGGATTGTAAACTTCTTTTGTAGAGGAXTAXXGGCGGTTACGCGTAACCGAGATGCAAGTACTCTACGMajority
310 320 330 340 350 360 370 380 390 400
CCAGCCAAGTCGCGTGAAGGAAGACGGTTCTATGGATTGTAAACTTCTTTTGTAGAGGAGTAGCGGCGGTTACGCGTAACCGAGATGCAAGTACTCTACG 14836A V2V3 segm ent
CCAGCCAAGTCGCGTGAAGGAAGACGGTTCTATGGATTGTAAACTTCTTTTGTAGAGGAATAATGGCGGTTACGCGTAACCGAGATGCAAGTACTCTACG 400Porphyromonas sp_1.seq
AATAAGCATCGGCTAACTCCGTGCCAGCAGCCGCGGTAATXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXMajority
410 420 430 440 450 460 470 480 490 500
AATAAGCATCGGCTAACTCCGTGCCAGCAGCCGCGGTAAT                                                             18836A V2V3 segm ent
AATAAGCATCGGCTAACTCCGTGCCAGCAGCCGCGGTAATACGGAGGATGCGAGCGTTATCCGGACTTATTGGGTTTAAAGGGTGCGTAGGTGGCTTGTT 500Porphyromonas sp_1.seq
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4.4 Discussion 
The objective of this trial was to identify the species and sub-species (where possible) of 
bacteria inhabiting the liver abscesses of infected cattle across a typical production season. F. 
necrophorum was identified in every sample processed and there a small number of other 
facultative anaerobe bacterial species present.  
4.4.1 Variation in Fusobacterium necrophorum necrophorum and F. n. 
funduliforme band profiles 
Profiles of bands removed from the liver abscesses of the New Zealand bulls showed a 
similar profile to that of the pure cultures of F. n. necrophorum and F. n funduliforme (Plate 
4.1 A to Plate 4.3 F). Band profiles seen from each abscess sample matched bands of the pure 
culture samples which indicates the presence of one of the two sub-species of F. 
necrophorum present in all abscesses.  Given the multi-banding nature of these F. 
necrophorum sub-species pure cultures and that the F. n. necrophorum sub species gives a 2
nd
 
band subgroup (red circle, Plate 4.1); this banding pattern appears to be present in 10 of the 
48 (21%) samples of liver abscess contents. This suggests that F. n. necrophorum is only 
present in these samples, which is considerably lower than that recorded internationally 
where typically, F. n. necrophorum has been found in 74% of cultured abscesses and varying 
between 57 to 100% of cases (section 2.4.8.1 of the literature review).  
 
The multi banding nature of the F. necrophorum samples is of interest and may relate to 
possible intra-specific or intra-isolate heterogeneity of rRNA genes, consequently this can 
give rise to multiple banding patterns for a single species (Blottiere et al., 2002). Some bands 
selected and shown, 29, 34 and 39 were stabbed, cloned and sequenced were a 100% match 
with the partial 16S ribosomal RNA gene of F. necrophorum (Figure 4.1). These individual 
bands are prominent in 71% of the New Zealand liver abscesses sampled but somewhat 
surprisingly, these bands do not match either of the F. n. necrophorum and F. n. funduliforme 
pure culture profiles in terms of band placement (Plate 4.1 A to Plate 4.3 F) even though the 
sequence match is 100% to that of F. necrophorum.  It would be difficult to accurately 
ascertain as to why this variability might occur in terms of band placement of the New 
Zealand and pure culture strains of F. necrophorum in the DGGE gels.  
 
Many authors (Berg and Scanlan, 1982; Lechtenburg et al., 1988; Narayanan et al., 1997; 
Nagaraja et al., 1999b) have shown there are often multiple infection of both F. n. 
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necrophorum and F. n. funduliforme present in liver abscesses. In this experiment, 9 of the 48 
samples show potentially show only F. n. funduliforme present with bands having a very 
similar banding profile to that of the F. n. funduliforme pure cultures (19%). This is in 
agreement with the international work performed previously with values of around 24% (6 to 
49%) of abscesses recording F. n. funduliforme alone in abscesses removed from cattle (see 
section 2.4.8 of the literature review. Internationally, F. n. necrophorum is more commonly 
isolated from liver abscesses of infected cattle (60-100%) versus F. n. funduliforme (<50%; 
(Nagaraja and Chengappa, 1998; Nagaraja and Lechtenberg, 2007)). It is widely noted that F. 
n. necrophorum produces a leukotoxin which is more toxic to polymorphonuclear 
neutrophillic leukocytes (PMN) (Tan et al., 1994c) and has a much stronger virulence in 
comparison to that produced from F. n. funduliforme (Tan et al., 1992; Narayanan et al., 
2001, 2002a; Narayanan et al., 2002b; Tadepalli et al., 2008). This increased virulence factor 
that F. n. necrophorum possesses has been shown to be highly associated with a particular 
strains ability to cause abscessation in animals supervised in laboratory experiments (Coyle-
Dennis and Lauerman, 1979; Tan et al., 1992) and under in vitro conditions (Scanlan et al., 
1982).  
 
The work of Narayanan et al., (1997) showed that strains adhered and removed from the 
ruminal wall were identical in eight of nine strains found in the liver abscesses of infected 
cattle and that none of the strains identified from rumen contents matched those strains 
identified from the wall of the rumen and in turn the liver abscesses. It is of particular interest 
to note that there are many strains of F. necrophorum present in samples from an 
environmental nature, particularly in the rumen, which vary considerably in their ability to 
produce leukotoxin and in turn their pathogenicity (Tan et al., 1994b). It could be postulated 
that the pathogenicity of particular strains of F. necrophorum and especially F. n. 
necrophorum is a result of its individual ability to produce larger quantities of leukotoxin 
resulting in enhanced pathogenicity (Narayanan et al., 1997). This would enable them to have 
a higher ability to invade, survive and cause liver abscessation; hence being found more 
predominantly in removed abscesses of infected cattle as in this trial. 
4.4.2 Analysis of bacterial species present 
Of the 48 sample analysed, 3 (6.25%) contained other microbial species; two of these were 
identified and were a match for Provetella and Porphyromonas species respectively. 
Comparative with international data, this is very similar with values of other bacterial species 
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present ranging between 0 and 29% with a mean of 9% from a selection of literature (see 
section 2.4.8.2 of the literature review). There have been a number of key papers produced 
studying the range and pathogenicity of species present in liver abscesses of cattle (Berg and 
Scanlan, 1982; Brook and Walker, 1986; Lechtenburg et al., 1988; Brook, 1994; Nagaraja et 
al., 1999a; Nagaraja et al., 1999b) under a range of diets and treatment effects. Numerous 
facultative anaerobic gram negative species have been identified in this body of literature 
including both Provetella and Porphyromonas species. They are typically found extensively 
in many animal bacterial pathogenic studies including liver abscessation (Lechtenburg et al., 
1988; Nagaraja and Lechtenberg, 2007) and do seem to be a common facultative anaerobic 
pathogen of livestock internationally. 
4.4.3 Conclusion 
Identification of the bacterial species present in liver abscesses gathered from a slaughter 
plant from the South Island of New Zealand identified at least one of the two known F. 
necrophorum strains in every abscess sampled. There was evidence of F. n. funduliforme 
found as single cultures in 24% of the removed abscess samples while all remaining 
abscesses had either single or mixed infection of F. n. necrophorum or F. n. funduliforme.  Of 
48 samples collected, only 6.25% contained any other microbial species. These were 
identified as Provetella and Porphyromonas species. Each of these species of bacteria has 
been previously extensively identified as animal pathogens and been present in liver 
abscesses of affected cattle internationally. 
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5 CHAPTER 5. RUMEN FUNCTION CHARACTERISTICS 
IN EACH PRODUCTION SEASON OF BEEF BULLS IN 
NEW ZEALAND 
5.1 Introduction 
The rumen function of intensively managed pasture based cattle is poorly understood. There 
is a significant incidence of liver abscessation present under the intensive pastoral based bull 
beef systems of New Zealand (chapter 3) and the accepted aetiology of liver abscessation has 
acidosis as a primary precursor of liver abscessation in TMR fed cattle (chapter 2). However, 
there is no available evidence that under typical New Zealand intensive pastoral conditions 
acidosis is present, and increasing evidence that grass based rumen function operates under 
very different pH conditions (Gibbs and Laporte-Uribe, 2007). This suggests that the 
aetiology of liver abscessation in pasture based cattle may be different to that of TMR fed 
cattle. The objective of this study was to establish the rumen function of intensively managed 
pasture based beef bulls grazed under typical New Zealand industry conditions, across all 
seasons of the production cycle. Rumen function is here defined as pH, redox, short chain 
volatile fatty acid (SCVFA) profile and concentrations, ammonia (NH4) concentration as well 
as rumen fill mass and digesta flow rate. The hypothesis is that there are structural seasonal 
changes occurring in the rumen which give rise to liver abscessation in the late 
spring/summer, particularly in those bulls wintered on a maintenance diet regime, there are 
conditions in the rumen in spring which favour the growth of F. necrophorum. The ruminal 
wall is subjected to passive bacterial migration but not as a function of rumen acidosis.  
5.2 Materials and methods 
5.2.1 Animals used in study 
In 2008, four Holstein-Friesian rising one year old entire bulls were purchased and raised at 
the Johnstone Memorial Laboratory Research Farm, Lincoln University, New Zealand. At 9 
months of age, the bulls were rumen fistulated and fitted with a rubber 20 cm rolled #1C 
cannula (Bar Diamond Inc, Bar Diamond Lane, Parma, Idaho, United States of America 
(USA)). These bulls were managed according to New Zealand industry standard bull beef 
operations until slaughter.  
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5.2.1.1 Animal ethics approval 
All experimentation was carried out with approval from, and in accordance with the Lincoln 
University Animal Ethics Committee (LUAEC): Authority Application Number LU 250. 
Rumen fistula surgery and cannula insertion was performed using LUAEC Standard 
Operating Procedures (SOP) Number 78 and is listed in the appendix of this thesis. 
5.2.1.2 Seasonal animal management protocols 
The rumen function of the bulls was monitored under a pasture management regime typical 
of four different ‘seasons’. A season constitutes a bull management regime as modelled on 
typical annual bull beef management regimes and industry standards. During each season, the 
bulls were closely managed for a total period of four weeks; three weeks pre-measurement, 
and one week of rumen function measurements.  
5.2.1.3 Winter 
The winter regime consisted of the bulls (522 ± 13.1 kg; 18 moa) on a restricted pasture 
allowance and straw diet offered once daily. At 0800 h, the bulls as a group were allocated 16 
kg DM of barley straw equivalent to a mean of 4 kg DM intake/head. An area of autumn 
saved perennial ryegrass (Lollium perrenne) pasture was allocated to provide 2 kg DM 
allowance available to each bull so that on every day throughout the duration of the winter 
trial period, the bulls had an estimated intake of 6 kg DM/head/d.  
5.2.1.4 Spring 
The bulls (605 ± 19.7 kg) were shifted on a once daily basis at 0800 h and were offered a 
pasture allowance of 16 kg DM/head. The bulls were back fenced daily to ensure there was 
no grazing of the previous day residual pasture. Pre- and post-grazing pasture mass was 
estimated with a rising pasture plate meter calibrated according to the conditions of the 
pasture at the time. Triplicate sets of low, medium and high pasture masses were visually 
selected in both pre- and post-grazing areas. A 0.1 m
2
 sample was cut to ground level. Pasture 
samples were dried in a forced air oven at 65
o
C until there was no further loss of mass over 
time. Pasture mass was expressed as kilograms of pasture dry matter per hectare (kg DM/ha) 
from a linear regression equation produced of rising plate meter height and sample dry mass.  
5.2.1.5 Summer 
The pasture allocation regime for the summer period was similar to that of the spring. An 
area of pasture was offered to the four bulls (696 ± 22.5 kg) such that a mean of 14 kg DM 
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pasture allowance was allocated on a daily basis with pre- and post-grazing pasture masses 
measured with an appropriately calibrated (as per the spring grazing regime) rising pasture 
plate pasture meter daily.  
5.2.1.6 Autumn 
The bulls (720 ± 21.7  kg) were allocated 12 kg DM pasture on a once daily basis at 0800 h. 
5.2.2 Pasture and straw chemical analysis 
Pasture and straw samples (250 g) were taken from the daily allocation by diagonal transect 
sampling on each day during the trial periods at 1200 h and immediately frozen at -20
o
C for 
later processing.  
5.2.3 Estimates of daily feed intake via the alkane method 
A C32 alkane dose was administered to bulls to estimate feed intake. A dose of 350 mg of 
C32 alkane in powder form was placed into a paper tissue and administered at 1200 h each 
day beginning 5 d prior to rumen function measurements and continued until the end of the 
rumen evacuations. The alkane was administered to the bulls via the rumen fistula. Faecal 
grab samples were obtained from each animal at 1200 h from the beginning of the rumen 
function trial and for 5 consecutive days. Pasture samples from each daily allocation were 
removed to grazing height for comparative analysis of odd (C33) and even (C32) chain 
alkane concentration for each of these days. 
5.2.4 Rumen function experimentation 
Rumen pH, pressure and redox were measured continuously for a 48 h period using in situ 
sensors in the ventral sac. These were attached to data loggers (Delta OHM, HD 2105.2, 
Caselle di Selvazzano, Padua, Italy) located on the back of the free grazing bulls in a back 
pack (See Plate 5.1). Boxes were attached to the bulls at 1200 h and left for 48 h; fittings 
were checked and adjusted when required. The sensors were a pH probe (Ionode IJ-44, 
Brisbane, Australia), a temperature sensor (PT-100, TP47, Naples, Italy) and a redox probe 
(Ionode IJ-64, Brisbane, Australia) and were placed directly into the lower ventral sac of the 
rumen and fixed to a single 1.5 kg steel weight to ensure stable positioning. Data were 
recorded every 15 s for all parameters. Immediately before measurements began the sensors 
were calibrated using known pH reference buffer solutions (pH 4.0, 7.0 and 10.0), (Mettler 
Toledo International, Greifensee, Switzerland), and redox buffer solution ((-220mV; 
Ag/AgCl) Mettler Toledo International, Greifensee, Switzerland). Calibration recordings of 
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the probes against pH reference buffers were also performed at the end of the trial to measure 
any drift.  All trials began and concluded at 1200 h. 
 
 
Plate 5.1. An example of a bull fitted with dataloggers for the purposes of the rumen function 
trials. Note: the tail strap and chest paddle as necessary components of the equipment. 
5.2.5 Diurnal rhythm and rumen sampling trial 
Following the rumen function experiment, samples of rumen digesta and faeces from the four 
bulls were removed at 4 h intervals for 24 h (Figure 5.1). Sampling periods were set as a 
compromise between disturbing the bulls from their normal grazing routines and providing 
data sufficient to define any patterns of diurnal rhythm induced by the once per day feeding 
regimes standard in the New Zealand industry. Hours of sampling were 1200, 1600, 1800, 
0000, 400, 800 and 1200. Bulls were brought into portable yards where samples of whole 
digesta (500 g) were removed from the rumen ventral sac and faeces (350 g) were collected 
by anal stimulation. The entire digesta sample removed was mixed well and split four ways 
for separate analysis: SCVFA, NH4, digesta and a spare digesta sample. Samples for SCVFA 
and NH4 analysis were squeezed through two layers of cheese cloth and 60 ml of this rumen 
fluid was immediately placed in an ice slurry (SCVFA) or had pH measurements were taken 
with a pre calibrated pH sensor (Ionode IJ-44, Brisbane, Australia) then 10 drops of 6M 
sulphuric acid added (NH4) to prevent volatilisation by ensuring pH remained under 4 and 
then placed in an ice slurry. Digesta samples were placed into a 60 ml container and 
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immediately placed in ice slurry, spare samples were placed in a 500 ml plastic ziplock bag, 
sealed and placed in ice. Faecal samples were measured for pH with a pre-calibrated sensor 
(Ionode IJ-44, Brisbane, Australia) and then placed into a 60 ml container and placed in ice 
slurry. Total sampling time for all 4 bulls was less than 15 minutes on each occasion, after 
which, bulls were released back onto their daily pasture allowance and left undisturbed until 
the next sampling period. Samples were transported in ice and placed into a blast freezer at -
20
o
C until required for analytical analysis.  
5.2.6 Rumen evacuations and digesta flow rate  
Complete evacuations of contents of the rumen were made after the diurnal rhythm 
measurements and rumen sampling trials (Figure 5.1). Evacuations were performed at 16 h 
intervals beginning at 1200 h (4 h after their daily pasture break was offered). All four bulls 
were manually evacuated via the rumen fistula within 90 minutes, two bulls at a time. 
Evacuations were then also conducted at 0400 h the following day and 2000 h to measure 
rumen fill 12 h pre and post the 0800 h grazing initiation. All contents of the rumen were 
placed into a pre-warmed, 120 litre container insulated with a second container filled with 
warm water (approximately 50
o
C) to maintain the temperature of removed rumen contents at 
or above 37
o
C.  
 
After emptying, 80 g of polyethelene glycol (PEG) in 250 ml H2O was poured into the 
containers, rumen contents were then thoroughly mixed by hand before representative 
samples were removed. Samples were taken from the mixed digesta for SCVFA, NH4 
analysis as described above. Two other samples (400 g) were removed for dry matter 
determination which were weighed and dried at 65
o
C to a constant weight. These samples 
were then used for proximate analysis as described for pasture. Another 50 ml sample was 
removed and strained through two layers of cheese cloth for PEG analysis and frozen at -
20
o
C along with all other samples until they were required for analysis.  
 
A second dose of 80 g of PEG in 250 ml H2O was administered to the bulls 24 h following 
the initial 1200 rumen evacuation through the rumen canulae. 
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Figure 5.1. A summary diagram of the timing of each of the seasonal experiment periods, 
each season lasting four weeks, with the fourth week detailing the experimental work. 
Diagram indicates the timing of each of the 48 h rumen function experiment, 24 h diurnal 
rhythm and sampling trial as well as the 16 h rumen evacuations; stars indicate the timing of 
feeding at 0800 h.   
5.2.7 Profiles of rumen microbial species in the rumen 
Whole rumen digesta samples removed at different times during the rumen sampling trials in 
each of the seasons from the ventral sac of the rumen were stored at -20
o
C until later analysis. 
Genomic deoxyribose nucleic acids (gDNA) was extracted from these samples using the 
protocols outlined in section 4.2.3. Following gDNA extraction, amplification of the V2V3 
region through polymerase chain reaction (PCR) and denaturing gradient gel electrophoresis 
(DGGE) was utilised to evaluate changes in microbial species diversity and variation within 
and between seasons, using the protocols outlined in section 4.2.5.  
5.2.8 Methods of analysis 
5.2.8.1 Rumen contents samples 
Short chain volatile fatty acids 
SCVFA in the sampled rumen fluid was extracted using the protocols of (Chen and Lifschitz, 
1989). Briefly this method consists of thawing then vortexing and inverting the samples and 
removing 2 ml for sub-sample analysis. These were then centrifuged at 13000 x g for 30 
minutes at 4
o
C. From this sample, 500 µl of supernatant was placed into a 1.5 ml centrifuge 
tube and 100 µl of internal standard, 200 µl of metaphosphoric acid and 200 µl of deionised 
water (dH2O) was added. Samples were then re-vortexed and placed at 4
o
C for 30 minutes. 
They were then centrifuged again at 13000 x g for 15 minutes and filtered through a 0.45 µm 
nylon syringe filter (Micro Analytix, Auckland, New Zealand) and placed into tubes ready 
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for injection into a high performance liquid chromatography (HPLC) machine (Hewlett 
Packard 1100 Series HPLC system). 
Mineral content 
A 5 ml aliquot was removed from the initial SCVFA sample for mineral content analysis. 
Samples were centrifuged at 13000  rpm for 30 minutes at 4
o
C and the supernatant measured 
for mineral content via an inductively coupled plasma-optical emission spectrometer, (Varian 
720 axial view, Palo Alto, California, USA).  
Fluid osmolarity 
The osmolarity of the remaining supernatant was measured using a vapor pressure osmometer 
(Wescor Vapro
®
, Wescor Inc., Logan, Utah USA) according to the manufacturer’s 
instructions and a three point calibration set; 100, 220 and 1000 mMol/l). A clean test was 
made after each set of 24 samples.  
Ammonia 
Pre-frozen acidified samples for ammonia analysis were thawed over night at 4
o
C and 
maintained at this temperature or below throughout the extraction protocol. Samples were 
vortexed and inverted to ensure homogeneity and a 2 ml subsample was removed and placed 
into a 2 ml centrifuge tube. These were centrifuged at 13000 x g in a refrigerated bench top 
centrifuge set at 4
o
C for 30 minutes. After centrifugation, samples were filtered through a 
0.45 µl syringe top filter (Micro Analytix, Auckland, New Zealand) placed into a 2 ml 
syringe. A 1000 µl aliquot was then added to 9 ml of deionised sterilised water (sdH2O). All 
samples were then analysed for ammonia concentration via FIA analysis immediately 
following the dilution process using the protocols of Blackmore et al., (1987).  
Chemical composition 
The chemical composition of all rumen samples for quantitative analysis was prepared 
according to the same protocols as for measurement of the chemical composition of feed 
samples. 
5.2.8.2 Faecal samples 
Faecal samples were thawed overnight at 4
o
C and then thoroughly mixed to obtain a 
representative sub-sample. From the mixed sample, approximately 30 grams was removed 
and centrifuged at 13000 x g at 4
o
C (Beckman J2- MI, International MI- SS, Corona, 
California, USA). The supernatant was then removed, weighed and measured for volume 
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then thoroughly mixed and distributed into three containers for mineral content (5 ml), 
SCVFA and NH4 analysis (2 ml each respectively) and frozen until further processing. 
Analysis of these three parameters was the same as described previously for rumen content 
samples.   
5.2.8.3 Chemical composition of pasture and straw 
Pasture and straw samples from each trial were freeze dried and milled through a 1 mm 
screen centrifugal rotor mill (Retsch- ZM 200, Haan, Germany). Chemical analysis and 
nutritive value (crude protein (CP) content, water soluble carbohydrates (WSC), neutral 
detergent fibre (NDF), acid detergent fibre (ADF) digestible dry matter (DMD), organic dry 
matter (DOM) and digestible organic dry matter (DOMD) content respectively) were 
measured by wet chemistry methods by the Analytical Services Unit, Faculty of Agricultural 
and Life Sciences, Lincoln University, New Zealand. The concentrations of minerals in 
pasture samples were analysed by digesting 10 g of freeze dried pasture or straw in boiling 
hydrochloric acid overnight and then measured via the same method as for rumen fluid 
mineral analysis. Pasture NDF and ADF values were determined by the methods of Van 
Soest et al., (1991). The concentration of N in all feed samples was determined by the Dumas 
combustion assay (Martineau et al., 2007) and subsequently converted to the CP content 
(multiplied by 6.25) for CP determination. Calculations of in vitro digestibility (DMD, DOM, 
DOMD) were performed using the pepsin-cellulase two stage digestion procedure of Fieldler 
et al., (2009). 
5.2.8.4 Alkane analysis 
Daily pasture and faecal grab samples were freeze dried and milled through a 1mm screen by 
a centrifugal rotor mill (Retsch- ZM 200, Haan, Germany). After milling, samples were 
analysed by a modified protocol of Dove and Mayes,  (2006). Briefly, daily pasture (0.2 g) or 
faecal grab (0.11 g) samples (each animal) were bulked to give a single pasture and a single 
faecal sample for each bull. To these, an internal marker (0.16 ml of C34) was added and 
placed into 70 ml kimax tubes. A solution of potassium hydroxide in methanol was then 
added to each tube (2 ml and 1.5 ml of solution for pasture and faecal samples respectively). 
These samples were then heated to 90
o
C for 5-16 h in a dry block and vortexed each hour. 
Samples were then partially cooled to 50-60
o
C and 1.5 or 2 ml of n-heptane was added for 
faeces and herbage samples respectively. Tubes were capped then shaken gently following 
0.4 or 0.6 ml of dH2O, shaken vigorously and left to separate into two liquid layers. The top 
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liquid phase was then removed, and the extraction procedure repeated through adding 1.5 or 2 
ml n-heptane following the protocols above. The extract was then evaporated off at less than 
80
o
C over less than 30 min. The remaining solids was then re-dissolved in 0.3 ml of n-
heptane with warming (water bath) and gently applied to a small column containing silica gel 
with a bed volume of 1 ml. Then, 0.1 ml of heptane was added to wash the extract into the 
silica-gel bed. Resulting hydrocarbons were then eluted into a 3
rd
 tube by the addition of 2.4 
ml n-heptane to the column. Heptane was then removed by evaporation to dryness on a dry 
block heater. Alkanes were then recovered by adding 250 µl of fresh heptane and vortexing 
thoroughly. The contents of these tubes were then transferred to vials for liquid gas 
chromatography analysis (HP 6890, Hewlit Packard Company, Wilmington, USA). 
Chromography was conducted by utilising a 30 m x 0.53 mm x 1.5µm column zebron ZB-1 
set to 245
o
C. 
 
Estimates of mean pasture intake of the four bulls was made through the use of apparent 
intake method by calculating pasture mass disappearing between pre- and post-grazing 
pasture mass and the area allocated to the bulls. Apparent dry matter intake of individual 
bulls was also estimated from the alkane concentration in pasture and faeces using the 
following equation from Dove and Mayes (2006).  
 
Estimated pasture dry matter intake (kg DM/day)       = Dj 
   (Fj/Fi) Hi – Hj 
 
Where: Fi is the concentration of C33 alkane in the faeces 
 Fj is the concentration of C32 alkane in the faeces 
Dj is the daily quantity of C32 alkane administered to the bulls 
Hi is the concentration of C33 alkane in the pasture dry matter 
Hj is the concentration of C32 alkane in the pasture dry matter 
5.2.8.5 Polyethylene glycol concentration and measurements of rumen fluid flow rate 
The concentration of polyethelene glycol (PEG) in rumen fluid was measured following the 
protocols of Malawar and Powell (1967) with some minor modifications. Analysis of PEG in 
rumen fluid were performed with a Shimadzu QV-50 spectrophotometer set at a wavelength 
of 650nm and a slit width of 0.04 mm, against a standard curve of known concentrations of 
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PEG (mg/100 ml). Estimations of the flow rate of rumen fluid were made using the method 
of  Hyden (1961).  
5.2.8.6 Rumen pH, reduction-oxidation potential and pressure parameters 
Real time rumen pH values were obtained from dataloggers and then corrected against the 
calibration standards using a calibration equation and standards of a known pH value (4, 7 
and 10 units). Measurements of the pH, redox and temperature in the rumen for each 
individual bull for the 48 h duration was summarised and reduced into a single 24 h period. 
The data was then further summarised and presented as the mean 10 minute intervals 
(±SEM). 
Calibration equation for pH analysis: 
 
Where x = recorded pH, and y (x) = pH corrected for any drift component 
 
y(x) = a*x² + b*x + c 
 
 
The constants a, b, c (& k) were calculated as follows: 
 
a = [-3*y4 + 6*y7 - 3*y10]/k 
 
b = [(51*y4-84*y7+33*y10) + (-6*y4*y7+12*y4*y10-6*y7*y10) + y4²*(y7-y10) +y7²*(y10-
y4) +y10²*(y4-y7)]/k 
 
c= [(-210*y4+240*y7-84*y10) + (60*y4*y7-84*y4*y10+24*y7*y10) + y4²*(7*y10-10*y7) 
+y7²*(10*y4-4*y10) +y10²*(4*y7-7*y4)]/k 
 
k = (y4-y10-6)*(y4-y7-3)*(y7-y10-3) 
 
Results were condensed to a single mean 24 h diurnal period constructed of 10 min interval 
means of all pH values, to enable the pattern of pH flux to be assessed across a 24 h cycle and 
to demonstrate the effect of a once per day feeding allocation to the bulls. All pH values used 
for the 24 h diurnal period were also categorised into five pH thresholds; below 5.5, between 
5.5-5.8, between 5.8-6.0, between 6.0-6.4 and above 6.4. The proportion of the total number 
of 10 minute pH records in each category was then calculated, and expressed as an area under 
a curve.  
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5.3 Statistical analysis 
All statistical procedures and analysis were performed using Genstat version 12 (VSN 
International limited, Hemel, Hampstead, United Kingdom).  Time variables for the rumen 
function trials were meaned across the 24 h sampling and log transformed to meet the 
assumptions of one way ANOVA analysis. All data presented are the back transformed mean 
values blocked for bulls using a randomised complete block design where season is the 
treatment variable. Comparisons of significance were performed using a minimum 
probability (P) value of less than 0.05 unless otherwise stated in text.  Levels of significance 
between treatment means were performed using the 5% LSRatio where if the ratio of the 
larger mean to the smaller one between individual seasons was greater than the 5%LSRatio, 
the means were significantly different at the 5% level.  
 
For the rumen evacuation analysis, a restricted maximum likelihood (REML) model was used 
with a first order auto regressive repeated measures structure for all parameters. Fixed effects 
for the model were season and time with animal as the random model. All measurements of 
significance were performed using P values less than 0.001 unless otherwise stated in the 
text.  
 
5.4 Results 
5.4.1 Pasture chemical analysis 
Pasture and straw qualitative analyses are shown in Table 5.1. Pasture metabolisable energy 
(ME) content was highest in spring (12.9 MJME/kg DM) as was pasture dry matter 
digestibility (DMD; 847 g/kg DM). The concentration of water soluble carbohydrate (WSC) 
in pasture varied from 11.9 to 30.4 g/kg DM in summer and winter respectively with the 
highest concentration of neutral detergent fibre (NDF) in the summer period (422 g/kg DM). 
The concentration of crude protein (CP) in autumn was 30% higher than that of spring (270 
versus 184 g/kg DM respectively). The straw used during the winter had a very low 
concentration of crude protein and water soluble carbohydrate (51 and 41 g/kg DM 
respectively) with an estimated dry matter digestibility (DMD) of 306 g/kg DM) and a 
metabolisable energy content of 5 MJ/ kg DM. 
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Table 5.1. The crude protein (CP), water soluble carbohydrates (WSC), acid detergent fibre 
(ADF), neutral detergent fibre (NDF), digestible dry matter (DMD), organic matter content 
(OM), (g/kg DM)) and estimated metabolisable energy (ME) content (estimated MJ/ kg DM) 
of pasture and straw used in the seasonal rumen function trials as estimated by wet chemistry 
methodology. Estimated intake values are those estimated through the pasture allowance (per 
head (kg DM/head) and per metabolic LW (LW
0.75
)) and alkane technique (per head; kg 
DM/d). Pre- (Pre-GPM), post-grazing pasture masses (Post-PGM) (kg DM/ha) and allocated 
area (m
2
) were measured through the use of a rising pasture plate meter and calibrated 
accordingly. 
Characteristic Units Winter Straw Spring Summer Autumn 
CP 
(g/ kg DM) 
201 51 184 248 270 
WSC 304 41 282 119 141 
ADF 197 527 168 243 191 
NDF 354 779 295 422 325 
DMD 808 306 847 766 810 
OM 907 955 904 896 881 
DOMD 773 242 834 739 767 
Estimated ME (MJ/ kg DM) 12 5 12.9 11.5 12.4 
Estimated intake  
(pasture allowance) 
(kg DM/head) 6 16 14 12 
 
(kg DM/LW
0.75
) 0.05 0.13 0.10 0.09 
Estimated intake (alkane) (kg DM/head) 5.68 ± 1.9 15.3 ± 1.0 18.0 ± 1.1 10.9 ± 0.2 
Pre-GPM 
(kg DM/ha) 
3120 
 
2890 3020 2720 
Post-PGM 960 
 
1665 1520 1480 
Allocated area (m
2
) 37 
 
588 374 390 
 
The estimate of DM intake was higher in summer than all other seasons and was 2.4 times 
winter DMI estimated by the alkane technique in per head terms and twice as high in terms of 
metabolic LW (Table 5.1). The pasture post-grazing pasture mass (Post-PGM) was lowest in 
winter and highest in spring (960 and 1665 kg DM/ha respectively), whereas summer and 
autumn Post-PGM were relatively similar. 
 
Table 5.2 below shows the range and concentration of minerals present in samples of pasture 
removed during each of the rumen evacuation trials. 
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Table 5.2. The concentration of minerals; aluminium (Al), calcium (Ca), chromium (Cr), 
copper (Cu), iron (Fe), potassium (K), magnesium (Mg), manganese (Mn), molybdenum 
(Mo), sodium (Na),  nickel (Ni), phosphorous (P), sulphur (S) and zinc (Zn) (mg/ kg DM) in 
winter straw and seasonal pasture samples respectively. 
Mineral 
(mg/kg DM) 
straw 
 
Winter 
pasture 
Spring 
pasture 
Summer 
pasture 
Autumn 
pasture 
Al 87.8 213 67.2 309 504 
Ca 3347 5296 5017 5116 4977 
Cr 7.42 6.53 4.23 8.16 7.03 
Cu 1.89 4.08 4.72 7.28 5.35 
Fe 123 241 112 334 513 
K 15878 26727 21706 24811 25669 
Mg 920 1554 1465 1830 1982 
Mn 37.7 85.4 102 70.1 81.5 
Mo 0.57 0.58 0.44 0.66 0.43 
Na 487 2694 2836 3763 4488 
Ni 3.04 2.84 2.12 4.21 2.9 
P 617 3076 2708 2794 2847 
S 1540 2131 2595 2369 2699 
Zn 13.2 21.2 18.3 24.6 22.8 
 
For all minerals except iron (Fe), molybdenum (Mo) and nickel (Ni); straw had substantially 
lower concentrations than each of the pasture samples (Table 5.2). Autumn pasture tended to 
have the highest concentrations of sulphur (S), magnesium (Mg), sodium (Na), Fe, and 
aluminium (Al), whereas spring had the lowest concentrations for potassium (K), calcium 
(Ca), Mg, phosphorous (P), Fe, Al, zinc (Zn), chromium (Cr), copper (Cu), Mo and Ni. There 
were marked seasonal differences for some minerals, especially Na with autumn 
concentrations being 66% greater than in spring (4488 and 2694 mg/ kg DM respectively) 
and Ni having nearly a twofold increased concentration in summer compared to spring (4.21 
versus 2.12 mg /kg DM). 
5.4.2 Mean concentrations of short chain volatile fatty acids, minerals, 
ammonia, urea, and the osmolarity of rumen fluid 
The concentration of acetic acid in summer was higher than that in winter, spring, and 
autumn respectively (P<0.001) with no differences recorded between each of the other 
seasons (P>0.05; Table 5.3). 
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Table 5.3. The mean concentration of short chain volatile fatty acids (SCVFA; mMol/l) in 
the rumen fluid during the seasonal rumen function trials.  
SCVFA (mMol/l)
 #
 Winter Spring Summer Autumn LSRatio (5%) 
Acetic 59.6
a
 69.0
a
 88.70
b
 55.6
a
 1.11 
Propionic 15.8
a
 28.9
c
 26.3
c
 18.6
b
 1.16 
Butyric 7.4
a
 21.4
c
 20.0
c
 13.7
b
 1.14 
Iso-butyric 1.07
a
 1.14
a
 2.27
c
 1.50
b
 1.14 
Iso-valeric 0.20
a
 1.04
b
 1.73
c
 0.83
b
 1.32 
Succinic 1.55
b
 0.29
a
 0.86
b
 0.17
a
 4.01 
Hexanoic 0.24
b
 0.09
a
 0.78
d
 0.39
c
 1.68 
Lactic 0.05
a
 1.12
b
 0.02
a
 0.02
a
 4.00 
Valeric 0.59 * * * * 
Total SCVFA 86.9
a
 124
b
 141
c
 91.1
a
 1.10 
# 
Superscript 
(a, b, c, d)
 letters represent differences between seasons (P< 0.05). Superscript stars 
(*)
 represent 
undetectable values 
 
Highest concentrations of propionic acid occurred in spring (28.9 mMol/l) which was higher 
than winter and autumn (15.8 and 18.6 mMol/l respectively). The concentration of butyric 
acid in spring was nearly 3 times higher than that recorded in winter (21.4 versus 7.4 mMol/l; 
P<0.001), was not different to summer (P>0.05) but was greater than that measured in 
autumn (13.7 mMol/l; P<0.001). The highest concentration of the minor SCVFA particularly 
iso-butyric, iso-valeric and hexanoic acids occurred in summer and were greater than those 
values recorded in all other seasons (P<0.05). The concentration of lactic acid in winter, 
summer and autumn were minimal (< 0.05mMol/l) but 1.12 mMol/l was recorded in spring 
(P<0.001). The total SCVFA acid concentration in summer was 62 and 55% greater than that 
recorded in winter and autumn respectively (P<0.001) but only 14% greater than that 
recorded in spring (P>0.05).  
 
The ratio of acetic: propionic acid was lowest in spring Table 5.4 and highest in winter (2.39 
versus 3.79 respectively (P<0.05)). Intermediate values of 3.77 and 2.99 were recorded in 
summer and autumn respectively (P<0.05). The ratio of acetic to butyric acid was about twice 
that of those values recorded in spring, summer and autumn (8.02, 3.23, 4.42 and 4.06 
respectively (P<0.001). Acetic acid accounted for a higher proportion of total SCVFA in 
winter compared to each of the other seasons (P<0.001; 0.69 versus 0.56, 0.63 and 0.61; 
(P<0.05) respectively. The proportion of propionic acid in spring was higher than that 
recorded in the other seasons (P<0.05) with no differences recorded between winter, spring, 
and autumn (0.18, 0.19, and 0.20 respectively; P>0.05).  The proportion of butyric acid to 
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total SCVFA in winter was significantly lower compared to spring, summer and autumn 
(0.09 versus 0.17, 0.14, and 0.15 respectively; (P<0.001).  
 
Table 5.4. The mean ratios of acetic to propionic acid (acetic: propionic ratio) , acetic to 
butyric acid (acetic: butyric ratio) and proportions of either acetic, propionic and butyric acids 
in total short chain volatile fatty acids (SCVFA) in rumen fluid during the seasonal rumen 
function trials.  
Ratio/proportion
#
 Winter Spring Summer Autumn 
LSRatio 
(5%) 
Acetic: propionic ratio 3.79
d
 2.39
a
 3.37
c
 2.99
b
 1.11 
Acetic: butyric ratio 8.02
c
 3.23
a
 4.42
b
 4.06
b
 1.17 
Acetic: total SCVFA 0.69
c
 0.56
a
 0.63
b
 0.61
b
 1.03 
Propionic: total SCVFA 0.18
a
 0.23
b
 0.19
a
 0.20
a
 1.08 
Butyric: total SCVFA 0.09
a
 0.17
c
 0.14
b
 0.15
c
 1.14 
# 
Superscript 
(a, b, c, d)
 letters represent differences between seasons (P< 0.05). 
 
The mean concentration of ammonia in rumen fluid in summer was 90 and 76% greater than 
in spring and summer and 3.21 times greater than winter (P <0.001; Table 5.5) with no 
significant difference recorded between spring and autumn (7.50 versus 8.09 mMol/l; 
P>0.05). The mean concentration of urea followed a similar trend with the lowest 
concentration recorded in winter and highest in summer (2.38 and 7.64 mMol/l respectively) 
with concentrations in spring and summer being 4.08 and 4.64 mMol/l which were greater 
and lesser than winter and summer respectively (P<0.05) (Table 5.5). The osmolarity of the 
rumen fluid was lowest in winter and autumn and higher in spring and summer respectively 
(240 and 236 versus 296 and 285 mOsmol/l respectively; P<0.05).  
 
Table 5.5. The concentration of ammonia, urea (mM/L), and osmolarity (mOsmol/l) in 
rumen fluid during the seasonal rumen function trials. 
Variable Winter Spring Summer Autumn LSRatio (5%) 
Ammonia  (mM/l) 3.38
a
 7.50
b
 14.24
c
 8.09
b
 1.45 
Urea (mM/l) 2.38
a
 4.08
b
 7.64
c
 4.64
b
 1.35 
Osmolarity (mOsmol/l) 240
a
 296
b
 285
b
 236
a
 1.08 
# 
Superscript 
(a, b, c)
 letters represent differences between seasons (P< 0.05). 
 
The concentration of minerals in the rumen fluid of the bulls during the seasonal rumen 
function trials are shown in Table 5.6. There were significant differences for each of the 
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minerals between different seasons but with considerable variability depending on the 
individual mineral. The concentration of sodium (Na) and potassium (K) were highest in 
winter and summer respectively, alternatively lowest in summer and winter (1855 and 
780mg/l respectively; P<0.05). Magnesium (Mg) concentrations in spring and summer were 
at least twice that of Mg in winter and autumn (62.6 and 66.0 versus 29.4 and 30.5 mg/l 
respectively; P<0.05). The concentration of phosphorous in autumn was 88% greater than the 
concentration is spring (P<0.001) with no difference between spring and summer, 198 and 
234 mg/l respectively (P>0.05; Table 5.6).  
 
Table 5.6. The concentration of aluminium (Al), boron (B), calcium (Ca), cobalt (Co), 
chromium (Cr), copper (Cu), iron (Fe), potassium (K), magnesium (Mg), manganese (Mn), 
sodium (Na), phosphorous (P), selenium (Se) and zinc (Zn), (mg/l) in rumen fluid (mg/l) 
sampled during the seasonal rumen function trials. 
Mineral (mg/l) Winter Spring Summer Autumn LSRatio (5%) 
Al 0.45
b
 0.18
a
 0.20
a
 0.97
c
 1.55 
B 0.10
a
 0.30
c
 0.40
d
 0.16
b
 1.17 
Ca 56.3
a
 162
c
 78.0
b
 51.2
a
 1.34 
Co 0.001
a
 0.001
a
 0.001
a
 0.003
b
 1.61 
Cr 0.007
a
 0.008
a
 0.006
a
 0.011
b
 1.64 
Cu 0.03
a
 0.03
a
 0.04
b
 0.02
a
 1.29 
Fe 1.59
c
 0.59
a
 0.69
a
 1.29
b
 1.21 
K 780
a
 1363
b
 1790
c
 1128
a
 1.18 
Mg 29.4
a
 62.6
b
 66.0
b
 30.5
a
 1.47 
Mn 0.49
a
 2.87
c
 1.37
b
 0.84
a
 1.91 
Na 2388
c
 2199
b
 1855
a
 2293
bc
 1.06 
P 253
b
 198
a
 234
b
 373
c
 1.16 
Se 0.02
a
 0.03
b
 0.03
c
 0.02
a
 1.13 
Zn 0.15
a
 0.46
b
 0.17
a
 0.13
a
 1.36 
# 
Superscript 
(a, b, c) 
letters represent differences between seasons (P< 0.05). 
5.5 Rumen pH and redox potential 
5.5.1 Rumen pH recordings 
The mean rumen ventral sac pH for winter, spring, summer and autumn are shown in  
Figure 5.2 below. 
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Figure 5.2. The mean rumen pH values (±SEM) for the winter (purple), spring (blue), summer (red) and autumn green) as measured by real time 
pH sensors in the ventral sac of the rumen. Level of significance between seasons is represented by stars indicating; (*** = P<0.001; ** = 
P<0.05; * = P<0.01). Arrow indicates the timing of feeding at 0800 h. 
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In all seasons, rumen pH showed a similar diurnal trend declining immediately after 
feeding for at least the first 6 h then rising a small amount during the mid-late afternoon 
followed by troughs and the lowest pH values being recorded at around 1900 h. Mean 
pH then tended to progressively rise throughout the late evening- early morning period 
until re-feeding at 0800 h. Rumen pH in autumn declined the most with a drop of 0.6 
pH units from 0800 to 1430 h. The lowest point in winter rumen ventral sac pH 
occurred at 2300 h at a pH of 6.08. Mean rumen ventral sac pH in spring was 
considerably higher than winter, autumn and summer between the hours of 0130 and 
0730 (P<0.001). The mean pH of rumen contents in summer was also lower than winter, 
spring and autumn between the hours of 2130- 0430 (P<0.001). Mean rumen ventral sac 
pH was higher in the spring in comparison to each of the other three seasons (P<0.05; 
Table 5.7). 
 
Table 5.7. The highest, average and minimum mean 10 minute blocks pH values (± 
SEM) recorded during the four seasonal rumen function trials. 
pH Winter Spring Summer Autumn 
Highest pH 6.56
a
 ± 0.01 6.84
c
 ± 0.01 6.64
b
 ± 0.01 6.63
b
 ± 0.01 
Mean pH 6.38
b
 ± 0.01 6.44
c
 ± 0.01 6.29
a
 ± 0.01 6.35
b
 ± 0.01 
Lowest pH 6.08
b
± 0.01 6.12
c
 ± 0.02 6.02
a
 ± 0.02 6.02
a
 ± 0.01 
# 
Superscript 
(a, b, c)
 letters represent differences between seasons (P< 0.05). 
 
The lowest mean pH values occurred in summer and autumn (6.02 ± 0.02 and 6.02 ± 
0.01 respectively versus 6.44 ±0.01 and 6.38 ± 0.01 for spring and winter respectively; 
P<0.05).  Mean rumen pH in spring was higher than in the other seasons (6.44 ± 0.01 
versus 6.38 ± 0.01, 6.29 ± 0.01, and 6.35 ± 0.01 pH units respectively; P<0.05). The 
mean highest pH was in spring (6.84 ± 0.01 pH units) which was significantly higher 
than those recorded in winter, summer and autumn (P<0.05). 
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Figure 5.3. Proportion of rumen pH measurements in each of five categories in winter; pH values above 6.4 , pH values 6.0-6.4  , pH values 
between 5.8-6.0 , pH values 5.8-5.5 , and below 5.5  respectively. Arrow indicates the timing of feeding at 0800 h. 
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Figure 5.4. Proportion of rumen pH measurements in each of five categories in spring; pH values above 6.4 , pH values 6.0-6.4  , pH values 
between 5.8-6.0 , pH values 5.8-5.5 , and below 5.5  respectively. Arrow indicates the timing of feeding at 0800 h.  
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Figure 5.5. Proportion of rumen pH measurements in each of five categories in summer; pH values above 6.4 , pH values 6.0-6.4  , pH 
values between 5.8-6.0 , pH values 5.8-5.5 , and below 5.5  respectively. Arrow indicates the timing of feeding at 0800 h. 
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Figure 5.6. Proportion of rumen pH measurements in each of five categories in autumn; pH values above 6.4 , pH values 6.0-6.4  , pH 
values between 5.8-6.0 , pH values 5.8-5.5 , and below 5.5  respectively. Arrow indicates the timing of feeding at 0800 h. 
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Figure 5.3 through to Figure 5.6 shows the daily change in the proportion of mean pH values 
in various pH categories in winter, spring, summer and autumn. These are also further 
summarised in Table 5.8.  In all seasons, the majority of rumen pH measurements were above 
6.0 pH units with spring recording the highest proportion (54.4% of time at pH units of 6.0 or 
above; P<0.001). In both summer and autumn, pH units between 5.8-6.0 accounted for 10.8 
and10.6% of the total time accounted for during the trials in comparison to winter and spring 
recording 7 and 2.3% respectively (P<0.001).  
 
The measurements of pH between 5.5-5.8 were also greater during summer in comparison to 
each of the other seasons (5.92% relative to 1.17, 1.0 and 1.17% for winter, spring and 
autumn respectively (P<0.001) (Table 5.8).  
 
Table 5.8. The proportion of pH values in pH thresholds <5.5, 5.5-5.8, 5.8-6.0, 6.0-6.4 and 
>6.4 units in each season.  
pH range Winter Spring Summer Autumn 
<5.5 0
a
 0.04
a
 0.29
b
 0
a
 
5.5-5.8 1.17
a
 1.00
a
 5.92
b
 1.17
a
 
5.8-6.0 7.0
b
 2.3
a
 11.1
c
 10.6
c
 
6.0-6.4 43.8
b
 42.3
a
 43.0
b
 45.8
c
 
>6.4 48.0
b
 54.4
c
 39.8
a
 42.4
a
 
 # 
Superscript 
(a, b, c, d)
 letters represent differences between seasons (P< 0.05) 
5.5.2 Reduction and oxidation potential in rumen fluid 
The mean reduction and oxidation potential (redox) of rumen fluid in the ventral sac of the 
rumen was considerably lower in autumn in comparison to both spring and summer at all 
times of the day (P<0.001; Figure 5.7),  -152.8 mV, -210.8 and -205.3 mV respectively. In all 
seasons, redox peaked 5-6 h after feeding then declined until 2000 h and remained stable until 
feeding at 0800 h. There were no differences observed in the mean redox of rumen fluid 
between spring and summer (P<0.05). 
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Figure 5.7. The reduction and oxidation potential (redox potential (mV± SEM) for the three seasons of spring (blue), summer (red) and autumn 
(green). Level of significance between seasons is represented by stars indicating; (*** = P<0.001; ** = P<0.05; * = P<0.01). Note: no probe 
measurements of rumen redox potential were taken in the winter season; arrow indicates the timing of feeding at 0800 h. 
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5.5.3 Mass of rumen contents, pool volume and fluid passage rates 
Table 5.9 shows the rumen digesta proximate analysis. In general winter samples were 
of less quality than the other seasons having reduced digestibility, N content, and a 
higher concentration of NDF, ADF and a lower estimated ME content (P<0.05). In all 
seasons, the highest concentration of NDF occurred at 400 h and was different between 
all seasons except winter (P<0.001). The concentration of N in winter was less than 
50% that of all other seasons (P<0.001) reducing by 0.6% from 2000 to 400 h. The 
highest ME content of digesta occurred in spring (8.7 MJME/ kg DM) and the lowest in 
winter at 0400 h (5.3 MJME/kg DM). There was no significant season and time 
interaction for mean rumen ME, ADF, protein, OMD, DOMD or N content (P>0.05). 
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Table 5.9. The mean rumen contents dry matter percentage (DM %), metabolisable energy ; MJME/ kg DM), neutral detergent fibre (NDF; g/ kg 
DM), acid detergent fibre (ADF; g/ kg DM), dry matter digestibility (DMD; g/ kg DM), organic dry matter (OMD; g/ kg DM), digestible organic 
dry matter (DOMD; g / kg DM), ash and nitrogen (N) content (g/kg DM) of total rumen contents at three times of rumen evacuation (0-2400 h). 
Season Time DM ME content NDF ADF OM Protein DMD OMD DOMD Ash N 
  
(%) MJME/kg DM (g/ kg DM) 
Winter 1200 10.9
2
 5.9
3a
 622
2c
 396
1d
 841
2b
 101
2a
 412
2a
 368 210 159
1b
 1.6 
 
2000 7.47
1
 5.6
2a
 505
1b
 377
1b
 756
1a
 117
3a
 435
3a
 387 292 243
2c
 1.9 
 
400 9.66
2
 5.3
1a
 628
2c
 443
2c
 846
2b
 90
1a
 365
1a
 312 264 154
1a
 1.4 
Spring 1200 9.03
3
 8.7
2c
 462
2a
 236
1a
 855
2c
 277
1b
 604
2c
 605 518 145
1a
 4.4 
 
2000 8.70
2
 8.6
2d
 455
2a
 230
1a
 847
2c
 279
1b
 606
2c
 612 518 153
1a
 3.7 
 
400 6.53
1
 7.8
1c
 418
1ab
 250
2a
 812
1ab
 279
1b
 569
1d
 549 446 188
2b
 4.5 
Summer 1200 9.42
2
 7.4
2b
 512
2b
 314
1c
 858
2c
 268
2b
 513
2b
 491 421 142
1a
 4.3 
 
2000 9.53
2
 7.7
2c
 518
2b
 337
12b
 860
2c
 265
2b
 532
3b
 516 443 140
1a
 4.2 
 
400 7.36
1
 6.9
1b
 450
1b
 356
2b
 822
1a
 254
1b
 497
1b
 458 376 178
2b
 4.1 
Autumn 1200 8.56
2
 7.4
2b
 444
2a
 264
1b
 803
2a
 260
2b
 548
3bc
 548 440 197
1c
 4.2 
 
2000 8.36
2
 7.1
2b
 438
2a
 248
1a
 796
2b
 267
2b
 531
2b
 527 420 204
1b
 4.3 
 
400 6.99
1
 6.7
1b
 363
1a
 256
1a
 762
1a
 240
1b
 517
1c
 498 379 238
2c
 3.9 
Interaction P value <0.001 0.161 <0.001 0.08 <0.001 0.09 0.04 0.343 0.195 <0.001 0.172 
SEM 0.550 0.15 2.07 1.24 1.25 0.61 1.20 1.41 1.09 1.25 0.23 
Superscript values within columns and season represent significant differences between time points within a season (P<0.05). Superscript letters represent significant 
differences within columns between seasons within the same point of time (P<0.05). 
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The mean rumen content as weight of rumen fluid and dry matter and their respected 
pools of OM, N, NDF and ADF in total removed rumen DM evacuated at three times in 
the four seasons is shown in (Table 5.10).  
 
Table 5.10. The mean weight (kg) of rumen fluid (RF), dry matter (RDM), organic 
matter (OM), nitrogen (N), neutral detergent fibre (NDF) and acid detergent fibre 
(ADF)  at three rumen evacuation times (0-2400 h) . 
Season 
 
RF RDM OM NDF ADF Ash N 
  
(kg) 
Winter 1200 65.8
3a
 7.98
2b
 6.72
2c
 4.97
3c
 3.17
2c
 1.26
1ab
 0.13
2a
 
 
2000 54.8
2a
 4.45
1a
 3.39
1a
 2.29
1a
 1.71
1a
 1.06
1a
 0.08
1a
 
 
400 49.6
1a
 5.31
1b
 4.49
1b
 3.34
2b
 2.36
1b
 0.82
1a
 0.08
1a
 
Spring 1200 62.3
2a
 6.18
2a
 5.29
2a
 2.85
2a
 1.46
2a
 0.89
2a
 0.27
2b
 
 
2000 66.2
2b
 6.31
2b
 5.35
2b
 2.89
2ab
 1.46
2a
 0.96
2a
 0.23
2b
 
 
400 55.6
1b
 3.89
1a
 3.17
1a
 1.65
1a
 0.99
1a
 0.72
1a
 0.17
1b
 
Summer 1200 71.9
12b
 7.39
2b
 6.35
2b
 3.82
2b
 2.32
12b
 1.04
1a
 0.32
1b
 
 
2000 79.4
2c
 8.33
2c
 7.17
2c
 4.35
2c
 2.79
2c
 1.16
2a
 0.35
1b
 
 
400 63.5
1c
 5.05
1b
 4.16
1b
 2.29
1a
 1.81
1b
 0.89
1ab
 0.27
1b
 
Autumn 1200 92.7
2c
 8.63
2c
 6.91
2c
 3.82
2b
 2.27
2b
 1.74
2b
 0.36
2b
 
 
2000 81.11
2c
 7.41
2c
 5.90
2b
 3.27
2b
 1.84
12b
 1.51
12b
 0.32
2b
 
 
400 72.1
1d
 5.39
1b
 4.12
1b
 1.97
1a
 1.38
1a
 1.28
1b
 0.21
1b
 
Interaction P value <0.001 <0.001 <0.001 <0.001 <0.001 0.018 0.027 
SEM 3.64 0.48 0.43 0.32 0.19 0.09 0.02 
Superscript values within columns and season represent significant differences between time points 
within a season (P<0.05). Superscript letters represent significant differences within columns between 
seasons within the same point of time (P<0.05) 
 
There were considerable differences across seasons in the composition of evacuated 
rumen contents. Samples in winter had greater amounts of ADF, and a lower N content 
compared to other seasons (P<0.001) (Table 5.10). Spring and summer maximum 
rumen fill in both DM and fluid terms occurred at 2000 h while in winter and autumn, 
maximum rumen fill was at 4 h after feeding (P<0.001; 1200 h). Within seasons, all 
0400 h evacuations had the lowest weight in both fluid and DM terms, lowest N 
content, and for all seasons other than winter, had the lowest amount of NDF and ADF 
(P<0.001) (Table 5.10).  
 
Table 5.11 shows the mean rumen mass and related nutritive characteristics reported as 
a per mean bull liveweight basis (LW). The amounts of ash and N in the rumen tend to 
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increase from winter through to autumn, whereas ADF and OM tend to be highest in 
summer in comparison to the other seasons. In all seasons, the amount of OM, NDF and 
ash was lower at 0400 h (P<0.001), with ADF being considerably higher at 400 h 
compared to 1200 and 2000 h (P<0.001). 
 
Table 5.11. The mean rumen fluid (RF), rumen dry matter (RDM), organic matter 
(OM), neutral detergent fibre (NDF), acid detergent fibre (ADF), ash, and nitrogen (N) 
in rumen fill contents expressed as grams per kilogram of live weight (g/kg LW) 
removed from rumen fistulated bulls at three rumen evacuation times (0-2400 h). 
Season Time RF RDM OM NDF ADF Ash N 
  
(g/kg LW) 
Winter 1200 126
2b
 15.2
2c
 12.8
12b
 9.53
3b
 6.0
3c
 2.39
12a
 0.25
1b
 
 
2000 105
1a
 8.46
1a
 6.45
1a
 4.36
1a
 3.24
1a
 2.01
2a
 0.16
1a
 
 
400 95.0
1ab
 10.1
2b
 8.54
3a
 6.35
2ab
 4.48
3b
 1.57
2a
 0.14
1a
 
Spring 1200 103
1b
 11.8
1b
 10.1
1b
 5.42
1b
 2.78
1b
 1.69
1a
 0.52
2b
 
 
2000 106
1b
 12.0
2b
 10.2
1b
 5.49
2b
 2.77
1b
 1.83
1a
 0.44
2ab
 
 
400 91.6
1a
 7.40
1a
 6.03
1a
 3.14
1a
 1.88
1a
 1.37
1a
 0.33
2a
 
Summer 1200 104
1ab
 14.1
2b
 12.1
2c
 7.22
2b
 4.40
ab
 1.97
1a
 0.60
2b
 
 
2000 112
2b
 15.8
4b
 13.6
2b
 8.27
3b
 5.30
2c
 2.20
2a
 0.67
3b
 
 
400 92.5
1a
 9.60
2a
 7.91
2a
 4.35
12a
 3.44
2a
 1.69
2a
 0.39
2a
 
Autumn 1200 129
2c
 16.4
3b
 13.1
2c
 7.26
2b
 4.32
2b
 3.23
2b
 0.68
2b
 
 
2000 114
2b
 14.1
3ab
 11.2
12b
 6.22
23b
 3.50
1ab
 2.85
3ab
 0.60
3b
 
 
400 103
2a
 10.3
2a
 7.83
23a
 3.74
1a
 2.63
12a
 2.42
3a
 0.40
2a
 
Interaction P value 
 
<0.001 <0.001 <0.001 <0.001 <0.001 0.018 0.027 
SEM 
 
5.90 0.91 0.82 0.61 0.36 0.17 0.04 
Superscript values within columns and season represent significant differences between time points 
within a season (P<0.05). Superscript letters represent significant differences within columns between 
seasons within the same point of time (P<0.05).  
 
5.5.3.1 Estimated pools of short chain volatile fatty acids, ammonia, urea and 
minerals present in the rumen fluid 
The mean estimated total quantities of acetic acid, propionic acid, butyric acid, total 
SCVFA, NH3 and urea (Mol) in the rumen fluid of the bulls during the different seasons 
at different times of the day are shown in Table 5.12. Generally the amount of each 
constituent increased from winter to autumn, with the highest recordings of each 
SCVFA, NH3 and urea occurring at 1200 h in autumn. The amount of SCVFA in winter 
at 1200 h was 80% greater than that recorded at 2000 h and 66% greater than that 
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recorded at 400 h. In comparison, the amount of SCVFA in summer at 1200 h was 29% 
greater than those recorded at 2000 h and 46% greater than the 400 h (P<0.05). In 
spring and summer, the amounts of SCVFA at 2000 h was 1 and 3% lower that at 1200 
h versus 80 and 36% lower at 2000 h for winter and autumn respectively. Within each 
season, the concentrations of each constituent were highest at 1200 h, which was 4 h 
after feeding.  
 
Table 5.12. The mean estimated total moles  of acetic acid, propionic acid, butyric acid, 
short chain volatile fatty acids (SCVFA), ammonia (NH3) and urea  present in the 
rumen fluid at three rumen evacuation times (0-2400 h). 
Season Time 
Acetic 
acid 
Propionic 
acid 
Butyric 
acid 
Total  
SCVFA 
NH3 Urea 
  
(Mol) 
Winter 1200 5.48
1b
 1.79
1b
 0.80
1
 8.29
1b
 0.38
1b
 0.19
1b
 
 
2000 3.28
1a
 0.86
1a
 0.35
1
 4.99
1a
 0.17
1ab
 0.09
1a
 
 
400 3.49
1a
 1.00
1a
 0.42
1
 4.63
1a
 0.12
1a
 0.10
1a
 
Spring 1200 5.52
1b
 2.29
1b
 1.62
2
 9.64
1b
 0.98
2b
 0.48
2c
 
 
2000 5.08
2b
 2.21
2b
 1.92
2
 9.54
2b
 0.73
2b
 0.36
2b
 
 
400 3.96
1a
 1.28
1a
 0.99
2
 6.35
2a
 0.15
1a
 0.08
1a
 
Summer 1200 6.80
2c
 2.19
1b
 1.55
2
 11.0
2b
 1.65
3c
 0.79
23b
 
 
2000 6.42
3b
 2.20
2b
 1.70
2
 10.7
3b
 1.37
3b
 0.68
3b
 
 
400 4.94
2a
 1.40
1a
 0.90
2
 7.55
3a
 0.74
2a
 0.36
2a
 
Autumn 1200 7.97
3c
 3.22
2
 1.64
2b
 13.4
3c
 3.05
4c
 1.42
3c
 
 
2000 5.90
23b
 2.20
2
 1.42
2b
 9.88
2b
 1.75
3b
 0.76
3b
 
 
400 4.64
2a
 1.41
1a
 0.87
2a
 7.15
3a
 1.03
2a
 0.43
2a
 
Interaction P value 
 
0.009 <0.001 <0.001 0.001 <0.001 <0.001 
SEM 
 
0.43 0.18 0.89 0.68 0.16 0.09 
Superscript values within columns and season represent significant differences between time points 
within a season (P<0.05). Superscript letters represent significant differences within columns between 
seasons within the same point of time (P<0.05) 
 
Table 5.13 shows the values from Table 5.12 but expressed as per kg of the mean bulls 
LW at each rumen evacuation time in each season. There is relatively less seasonal 
variation in terms of the total amount of SCVFA, ammonia and urea present in the 
rumen; however the patterns of change are closely similar across time. In almost all 
bulls and seasons, the lowest values were measured at 0400 h. it is of interest to note 
that given the variability in total SCVFA pool as expressed in Table 5.12; when SCVFA 
pool size is expressed as millimole per kilogram of liveweight (mMol/kg LW); there is 
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no difference between seasons at 0800 h between winter, spring and summer (P>0.05) 
and that autumn SCVFA pool is 15% greater at 0800 h when compared to each of the 
other seasons (18.7 versus 15.9 each for autumn, winter, spring and summer 
respectively (P<0.05). 
 
Table 5.13. The mean estimated total moles of acetic acid, propionic acid, butyric acid, 
total short chain volatile fatty acids (SCVFA), ammonia (NH3) and urea  present in the 
rumen fluid at 1200, 2000 and 400 h expressed by millimole per kilogram of liveweight 
(mMol/kg LW) at each of the rumen evacuation times (0-2400 h). 
Season Time 
Acetic 
acid 
Propionic 
acid 
Butyric 
acid 
Total  
SCVFA 
NH3 Urea 
  
(mMol/kg LW) 
Winter 1200 10.5
2b
 3.43
2ab
 1.53
2a
 15.9
2a
 0.73
2a
 0.36
2a
 
 
2000 6.28
1a
 1.65
1a
 0.67
1a
 8.81
1a
 0.33
1a
 0.18
1a
 
 
400 6.70
1ab
 1.92
1a
 0.80
1a
 9.58
1a
 0.22
1a
 0.19
1a
 
Spring 1200 9.13
2a
 3.79
2b
 2.67
2b
 15.9
2a
 1.62
2b
 0.80
2b
 
 
2000 8.15
2b
 3.54
2b
 3.07
2c
 15.3
2b
 1.16
2b
 0.58
2b
 
 
400 6.52
1a
 2.10
1a
 1.62
1c
 10.5
1a
 0.25
1a
 0.13
1a
 
Summer 1200 9.82
2a
 3.15
2a
 2.24
2b
 15.9
2a
 2.36
2c
 1.13
2b
 
 
2000 9.08
2c
 3.10
2b
 2.41
2bc
 15.2
2b
 1.92
12ab
 0.95
2c
 
 
400 7.18
1b
 2.02
1a
 1.31
1b
 11.0
1b
 1.08
1b
 0.53
1b
 
Autumn 1200 11.1
3c
 4.48
2c
 2.28
2b
 18.7
3b
 4.24
2d
 1.95
2c
 
 
2000 8.23
2b
 3.07
1b
 2.00
2b
 13.8
2b
 2.43
1b
 1.06
1c
 
 
400 6.58
1a
 2.00
1a
 1.24
1b
 10.2
1ab
 1.47
1b
 0.62
1b
 
Interaction P value 
 
0.018 <0.001 <0.001 0.003 <0.001 <0.001 
SEM 
 
0.65 0.25 0.13 0.99 0.21 0.12 
Superscript values within columns and season represent significant differences between time points 
within a season (P<0.05). Superscript letters represent significant differences within columns between 
seasons within the same point of time (P<0.05). NA represents the unavailability of data in winter at 2000 
and 400 h 
5.5.3.2 Passage rate of rumen fluid 
The mean passage rate of rumen fluid was 2.2 times greater in spring compared to 
winter (P<0.001) with minimal differences occurring between spring and summer 
(P>0.05; Table 5.14). The estimated flow rate of rumen fluid in summer was 21.3%/h 
which was 1.47 times greater than autumn (P<0.001).  
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Table 5.14. The flow mean flow rate of rumen fluid out of the rumen (%/h) across the 
seasons of winter, spring summer and autumn. 
 (%/hour) winter spring summer autumn 
Mean 10.8 ± 1.5
a
 22.7 ± 2.5
b
 21.3 ± 4.2
b
 14.5 ± 1.0
a
 
#
Superscript letters represent significant differences within columns between seasons (P<0.001) 
 
5.5.4 Concentrations of short chain volatile fatty acids, minerals, 
ammonia and the osmolarity of faecal fluid 
5.5.4.1 Concentration of short chain volatile fatty acids 
The concentrations of acetic acid in faecal fluid was greatest in spring and was 116, 29, 
and 35% greater than in winter, summer and autumn respectively (P<0.001; Table 
5.15). The concentration of propionic and butyric acid also followed a similar trend with 
the highest concentration of each recorded in spring compared to each of the other 
seasons (P<0.05), the concentration of butyric acid in winter was very low with nearly 
10 times the concentration being recorded in spring (0.42 versus 4.00 mMol/l for winter 
and spring respectively). No lactic acid was detected in any of the faeces sampled. 
Concentration of minor SCVFA varied across each seasons with little apparent trend; 
the lowest concentration of iso-butyric acid occurred in winter and was substantially 
lower than the concentrations recorded in spring, summer and autumn (0.25 versus 0.84, 
1.04, and 1.41 mMol/l respectively (Table 5.15).  The highest concentration of total 
SCVFA was recorded in spring which was 32, 26, and 134% of that recorded 
concentrations in summer, autumn and winter respectively.  
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Table 5.15. The mean concentration of short chain volatile fatty acids (SCVFA; 
mMol/l) in faecal fluid. 
SCVFA (mMol/l)
#
 Winter Spring Summer Autumn LSRatio (5%) 
Acetic 15.8
a
 34.2
c
 26.6
b
 25.3
b
 1.22 
Propionic 3.67
a
 9.25
c
 6.35
b
 6.48
b
 1.22 
Butyric 0.42
a
 4.00
c
 2.33
b
 2.49
b
 1.50 
Iso-butyric 0.25
a
 0.84
b
 1.04
b
 1.41
c
 1.38 
Iso-valeric 0.42
b
 0.16
a
 0.18
a
 0.23
a
 1.73 
Succinic * 0.07
b
 0.03
a
 0.03
a
 - 
Hexanoic 0.16
b
 0.10
ab
 0.33
c
 0.02
a
 1.26 
Lactic * * * * - 
Valeric 0.32
b
 0.31
b
 0.18
a
 0.18
a
 1.44 
Total SCVFA 21.0
a
 49.1
c
 37.2
b
 36.2
b
 1.20 
# 
Superscript 
(a, b, c, d)
 letters represent differences between seasons (P< 0.05). Superscript stars 
(*)
 represent 
undetectably low values 
 
5.5.4.2 Concentration of ammonia and osmolarity of faecal fluid 
The mean concentration of ammonia and the osmolarity of faecal fluid were lower in 
winter than each of spring, summer and autumn respectively (P<0.05; Table 5.16) with 
no differences between each of these three seasons (P>0.05). 
 
Table 5.16. The concentration of ammonia, urea (mM/L), and osmolarity (mOsmol/L) 
in faecal fluid. 
 
Winter Spring Summer Autumn LSRatio (5%) 
Ammonia (mM/L) 5.20
a
 7.03
b
 6.88
b
 7.15
b
 1.16 
Osmolarity (mOsmol/L) 116
a
 167
b
 157
b
 155
b
 1.19 
# 
Superscript
 (a, b)
 letters represent differences between seasons (P< 0.05) 
5.5.4.3 Concentrations of minerals in faecal fluid 
The concentrations of K and P in faecal fluid were highest in autumn, (979 and 228 
mg/L respectively; P<0.05) whereas the concentration of Na was lowest in autumn (366 
versus 540, 628 and 749 mg/L for winter, spring and summer respectively (P<0.001).  
The amounts of Mg and Fe were lowest in winter and autumn when compared to spring 
and summer with the concentrations of Fe being at least 5.3 and 5.2 times higher in 
autumn and winter compared to summer (P<0.001). The concentrations of other minor 
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elements varied across the seasons with most having the highest concentrations 
measured in autumn (zinc (Zn), manganese (Mn), copper (Cu), and chromium (Cr); 
Table 5.17).  
 
Table 5.17. The concentration of aluminium (Al), boron (B), calcium (Ca), cobalt (Co), 
chromium (Cr), copper (Cu), iron (Fe), potassium (K), magnesium (Mg), manganese 
(Mn), sodium (Na), phosphorous (P), selenium (Se) and zinc (Zn), (mg/L) in  faecal 
fluid. 
Mineral (mg/l)
#
 Winter Spring Summer Autumn 
LSRatio 
(5%) 
Al 2.65
b
 0.68
a
 0.42
a
 * 3.20 
B * 0.17
a
 0.26
c
 0.22
b
 1.16 
Ca 296
a
 428
b
 292
a
 368
b
 1.37 
Co 0.03
a
 0.02
a
 0.02
a
 0.03
a
 1.61 
Cr 0.02
b
 0.01
a
 0.01
a
 0.03
c
 1.56 
Cu 0.06
a
 0.07
a
 0.05
a
 0.22
b
 1.78 
Fe 15.8
b
 2.71
a
 2.68
a
 14.1
b
 2.05 
K 795
b
 601
a
 892
bc
 979
c
 1.16 
Mg 192
a
 337
b
 314
b
 243
ab
 1.27 
Mn 1.72
b
 2.20
bc
 0.85
a
 2.75
c
 1.56 
Na 540
b
 628
b
 749
b
 366
a
 1.94 
P 111
a
 133
ab
 135
ab
 228
b
 1.79 
Se 0.96
b
 0.10
a
 0.10
a
 0.11
a
 1.51 
Zn 0.33
b
 0.31
ab
 0.23
a
 0.86
c
 1.60 
# 
Superscript
 (a, b)
 letters represent differences between seasons (P< 0.05). Superscript stars 
(*)
 represent 
immeasurable values 
 
5.5.5 Microbial community analysis 
Analysis of the DGGE gels produced from the rumen samples showed relatively minor 
differences in microbial species diversity across each of the different seasons (Plate 5.2-
Plate 5.5) with no real substantial changes occurring across time points within seasons. 
There were changes in minor bands but no identifiable differences between sampling 
times. There seems to be individual animal variability in the rumen microbiology finger 
print produced via DGGE where there are bands present in a single bull and not in 
others (an example is marked by A in Plate 5.3 where a band is present in bulls 1 and 2 
but not in bulls 3 or 4).  
 119 
 
 
Plate 5.2. Denaturing gradient gel electrophoresis of the winter trial rumen samples 
removed at 0800, 1600 and 0000 h from each of the four bulls. L represents a single 
ladder utilised in gels. 
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Plate 5.3. Denaturing gradient gel electrophoresis of the spring trial rumen samples 
removed at 0800, 1600 and 0000 h from each of the four bulls. L represents a single 
ladder utilised in gels. Description A represents a band not represented in Plates 5.2, 5.4 
and 5.5 respectively. 
A 
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Plate 5.4. Denaturing gradient gel electrophoresis of the summer trial rumen samples 
removed at 0800, 1600 and 0000 h from each of the four bulls. L represents a single 
ladder utilised in gels. 
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 Plate 5.5. Denaturing gradient gel electrophoresis of the autumn trial rumen samples 
removed at 0800, 1600 and 0000 h from each of the four bulls. L represents a single 
ladder utilised in gels. 
5.6 Discussion 
5.6.1 Introduction 
The objective of these experiments was to establish the rumen function parameters of 
pasture based beef bulls across the seasons of the production cycle in a typical New 
Zealand system. This information enables a direct comparison between intensively 
pasture fed beef bulls and cattle offered high concentrate feed rations, and from this the 
key differences may be identified. This is required because the aetiology of liver 
abscessation in concentrate fed cattle does not appear to be supported in pasture based 
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bulls, so alternative explanations for the relatively high incidence observed in chapter 3 
are being investigated. 
 
As mentioned in the review of literature, one of the main successes of the New Zealand 
bull beef industry is its ability to remain profitable by minimising costs of production 
through the provision of high quality cheaply grown pasture as the pre-dominant feed 
source. The changes in feeding regimes across an annual production cycle are marked, 
and may be an important determinant in understanding the physiological changes and 
liver abscessation incidence as shown in chapter 3. The majority and emphasis of the 
discussion points herein will focus on the differences in rumen function observed 
between the seasons of the production cycle, particularly that of winter and spring. 
5.6.2 Summary of main findings 
There were major differences in the majority of variables measured across each of the 
seasons. Mean total DM intake of the bulls in spring was twice that of the intake in 
winter and in ME terms, intake in spring was three times that of the ME consumed in 
winter (Table 5.1). These variables in the quantity and quality of the diet consumed by 
the bulls across the seasons, particularly during the transition from winter to spring had 
a direct impact on many of the variables measured in the rumen and faeces. The 
concentration of SCVFA in the rumen in spring was 43% greater in spring compared to 
winter (Table 5.3). The concentrations of butyric and propionic acids in the rumen 
increased 2.8 and 1.9 fold respectively between winter and spring. Concentrations of 
ammonia in the rumen in winter was only 45% that of the concentrations in spring. 
Flow rates of rumen fluid were much greater in spring and summer compared to winter 
and autumn (Table 5.14). The concentration of SCVFA in the faeces in spring was 2.3 
times that of those measured in winter (Table 5.13). As the year progressed and the 
animals got larger, the rumen pool sizes also increased (Table 5.10) as is to be expected 
with the large change in feed intake and quality experienced. 
 
Given the very wide range and variations in the concentrations and total estimated 
amounts of many of these variables, there was surprisingly little difference in the rumen 
pH, osmolarity and analysis of microbial diversity between each season. Mean rumen 
pH was highest in spring (Table 5.7) and the amount of time spent above a pH of 6.4 
was greater in spring when compared to the other seasons (Table 5.8) with all values 
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recorded remaining within the normal ranges expected. From these main results, there 
are no clear or conclusive indications of sub-optimal rumen function occurring in these 
bulls under this system of management. 
 
The remaining discussion will now draw comparisons of the data set presented here and 
contrast with the previous work performed internationally.  
5.6.3 Short chain volatile fatty acid and energy synthesis 
5.6.3.1 Concentrations of short chain volatile fatty acids in the rumen contents 
As seen in Table 5.1, total ration quality and feed allowances during the winter period 
were approximately 44 MJME/d and estimated mean animal maintenance requirement 
during this period was 48 MJME/d. In comparison, estimated spring feeding energy 
intakes were 197 MJME/d. Associated with these changes in feed quality and feed 
intake, parameters of rumen function and metabolite profile changed considerably 
between the two seasons. The concentration of SCVFA, particularly propionic, butyric 
and valeric acids, rose markedly between winter and spring. This is likely due to the 
increased feed intake and feed quality. There have been several reports produced 
examining the role and nutritive characteristics of pasture as a source of feed for 
ruminants in New Zealand (Kolver, 2003; Waghorn and Clark, 2004) and specifically 
for bull beef systems of operation (Machado et al., 2005), and the data observed in this 
chapter is comparable. With higher quality feeds containing starch or easily degradable 
sugars, there is usually an increase in the concentration and proportion of propionic acid 
produced in the rumen fluid (Hungate, 1966; Orskov and Ryle, 1990). In this study, this 
was seen between winter and the other seasons (Table 5.4). There was an increase in 
both the proportion (0.18 versus 0.23 of propionic acid to total SCVFA concentration, 
(P<0.05; Table 5.4) and concentration (15.8 versus 28.9 mMol/l, (P<0.001; Table 5.3) 
of propionic acid produced in winter when compared to spring. The ratios of acetic acid 
to propionic acid produced for the winter diet was 3.79 and for the spring 2.39 (Table 
5.4), this is similar to work with cattle being fed a predominantly straw based versus 
cracked maize grain diet; ratios of 6.38 and 2.44 respectively were reported (Russell, 
1998). Ruminants consuming feed types of a low quality have a greater proportion of 
acetic acid produced due to an increased amount of available hydrogen ions and the 
predomination of cellulolytic bacteria to produce acetic acid during the fermentation of 
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low nutritive value, high cellulose feed. An increased concentration of butyric and 
propionic acid production in the rumen is often associated with improvements in animal 
performance and feed intake of higher quality feeds (Table 5.18).  
 
Under TMR diets, Hristov et al., (2005) and Orskov and Oltjen,  (1967) showed 
increases in the proportion of butyric acid in the rumen fluid when glucose and sucrose 
respectively was partially substituted for fibre sources of carbohydrate (Table 5.18). In 
this present study, we reported very similar differences in the seasons of winter and 
spring (Table 5.3), with butyric acid accounting for a higher proportion of total SCVFA 
produced (Table 5.4; Table 5.18).  
 
Table 5.18.  Comparisons of mean rumen pH, mean concentration of short chain 
volatile fatty acids (SCVFA conc. (mMol/L)) and the molar % of acetic, propionic and 
butyric acids in (Orskov and Oltjen, 1967) and (Hristov et al., 2005) where cattle were 
fed different carbohydrate sources and  in winter and spring of this study.  
   
SCVFA (molar %) 
 
Main CHO 
source 
Rumen 
pH 
SCVFA conc. 
(mMol/L) 
Acetic Propionic Butyric Source 
Cellulose 6.9 87 74 18 5 
(Orskov and 
Oltjen, 1967) 
Starch 6.7 76 60 25 10 
Sucrose 5.8 122 50 23 20 
Cellulose 6.41 136 70 17 9 
(Hristov et al., 
2005) 
Starch 6.19 139 69 17 11 
Glucose 6 122 61 18 18 
Winter 6.38 87 69 19 9 
This study 
Spring 6.44 124 56 23 17 
 
Several researchers have reported for starch and beet pulp feeding conditions that 
resulted in SARA, minimal concentrations of lactic acid, an increase in total SCVFA 
produced, an increase in the proportion and concentration of butyric acid produced 
(Doreau et al., 2001; Lettat et al., 2010), and an increase in the population of protozoa 
in the rumen (Coe et al., 1999; Brossard et al., 2004; Martin et al., 2006).  Rumen 
conditions in spring in this study were similar in these respects. Butyric acid 
fermentation pathways of this nature under SARA conditions have been proposed as a 
model to alleviate high H+ concentrations in the rumen and act as an electron sink in the 
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presence of low concentrations of lactic acid. Satter and Esdale (1968) proposed that 
when lactic acid is oxidised to pyruvic acid, two hydrogen atoms are released, as a 
result butyric acid is formed from acetic acid to alleviate the an electron imbalance and 
act as a sink. This metabolic pathway maybe a determining factor for the increase in the 
concentration of butyric acid in this study during spring. The concentration of WSC in 
pasture was highest in spring (Table 5.1) with the bulls consuming larger DM intakes 
concurrently. There is opportunity for the increased concentration and intakes of a 
higher WSC feed enabling higher total amounts and proportions of both propionic and 
butyric acids though this metabolic pathway. Comparisons with other pasture based 
trials where cattle are consuming high versus low WSC containing ryegrass varieties, 
have also shown increases in the concentration and proportion of  propionic (P<0.001) 
and butyric acid (P<0.01) (Lee et al., 2002) and under in vitro conditions (Lee et al., 
2003). However, these changes were not of the extent seen here in this trial. 
Alternatively, this increase in the concentration and proportion of butyric acid in the 
rumen could be as a result of increased growth of the butyric acid producing bacterial 
species, primarily Megasphaera elsdenii and Butyrivibrio fibrisolvens which are 
considered to be the primary producers of butyric acid in the rumen.  
 
Measurable concentrations of valeric acid in the rumen were present only in winter 
grazing regime (Table 5.3). There have been several reports confirming that under N 
limiting diets, valeric acid is often produced.  Under batch culture conditions; Cline et 
al., (1958) reported a measurable increase in valeric acid present under low N feeding 
conditions, they hypothesised that the increase in valeric acid concentration was either a 
result of an increase in the synthesis of valeric acid or a decrease in its utilisation. 
Griswold et al., (2003) implied in their study that valeric acid is one of the main 
fermentation end products of the catabolism of lysine and arginine. Under N limited 
conditions, there may be potential for the express deamination of these amino acids 
because of their greater potential to generate NH3 nitrogen as they both contain two 
amino groups. Indeed under our winter feeding regime we reported concentrations of 
NH3 at or below the disputed minimum concentration of 5 mM/L for efficient microbial 
protein production (Table 5.5). This pathway for the deamination of both lysine and 
arginine is enhanced by the relatively high concentrations of these amino acids in 
pasture dry matter (Reid, 1994).  
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5.6.3.2 Short chain volatile fatty acid absorption from the rumen and lower 
gastrointestinal tract fermentation 
The removal of SCVFA from the rumen occurs either through the direct absorption of 
SCVFA through the wall of the rumen or through the flow of digesta into the lower 
gastrointestinal tract (GIT). The absorption of SCVFA from the rumen has been 
extensively reviewed and is seen as a relatively complicated process. 
 
Generally, lower rumen pH results in an increase in the fractional absorption rates of 
SCVFA across the rumen epithelium because at low pH values (below 6); the majority 
of SCVFA are in an associated form. Dijkstra et al., (1993) reported that when pH in the 
rumen declined from 7.2 to 4.5; the fractional absorption rates of acetic acid did not 
change, but propionic and butyric acids fractional absorption rates altered from 0.35 to 
0.68/h and 0.28 to 0.85/h  respectively (P<0.001). Given the relatively higher pH 
measurements in spring, one reason for the these higher proportions and concentrations 
of both propionic and butyric acids is that there is a lower factional absorption rate of 
these two SCVFA across the rumen wall when pH is relatively high compared to the 
other seasons (Table 5.7).  
 
The concentration of SCVFA present in the faeces was highest in spring (49.1 mMol/l) 
in comparison to each of the other three seasons (P<0.001; Table 5.15) and is 
comparable to other reports of lactating dairy cattle grazing pasture (48.5 mMol/l;  (Sato 
and Nakajima, 2005). It might be that this higher value was a result of the much greater 
flow rate of digesta fluid estimated in spring resulting in a reduced opportunity for the 
GIT mucosa to absorb the available SCVFA produced. Given that the concentrations of 
SCVFA in the rumen was highest in summer (Table 5.3) and there was no relative 
difference in the apparent flow rate of digesta fluid from the rumen in comparison to 
spring (Table 5.14; P>0.05) yet there was a lower concentration of SCVFA present in 
the faeces  (Table 5.15; P<0.05).  
 
There is evidence that the rumen mucosa and indeed the entire GIT adapt to the high 
SCVFA environment through increasing the absorption potential of the rumen papillae 
(Bannink et al., 2008; Aschenbach et al., 2011). Bannink et al., (2005), using a single 
diet but with either a fast (1.5 weeks) or slow adaptation (3 weeks) period to a high 
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concentrate diet, showed that within 1-2 weeks, papillae under the fast treatment, had 
altered considerably in shape, size and density and thus area for absorption to respond to 
the higher SCVFA load produced in the rumen.  This would result in considerably 
greater absorption of SCVFA in the rumen and in this study would potentially lead to a 
decrease in the concentration of SCVFA present in the faeces as evidenced but the high 
summer rumen SCVFA concentration and relatively lower concentration of SCVFA in 
the faeces from summer. This issue of post rumen fermentation and potential SCVFA 
absorption is an important issue for the New Zealand intensive livestock industry and 
there is much research interest currently looking into the role of the fermentation 
characteristics of the lower GIT.  
 
Several authors have attempted to quantify the fate of SCVFA absorbed post-ruminally. 
It is assumed that SCVFA not directly absorbed from the rumen are passed through the 
rumen-reticular orifice with the liquid fraction and the quantity will be greater where 
feed quality and intake are high as a function of an increased fluid flow rate. The 
estimated percentage of absorption of SCVFA post ruminally varies from 29% for cows 
fed maintenance diet through to 39% for cows fed 4 x maintenance diet (Tamminga and 
Van Vuuren, 1988; Allen, 1997). The variation measured is explained with higher 
values dependent on increasing feed quantity (higher rumen liquid passage rate) and 
higher ruminal pH (reduced fractional absorption rates) (Dijkstra et al., 1993; Allen, 
1997; Alzahal et al., 2010). In this study, during spring, based on energy intake; the 
bulls were consuming 3.5 x maintenance which, based from previous data, would 
suggest a relatively higher proportion (approaching 40%) of SCVFA available for 
absorption post-ruminally and/or allowing for the fermentation of feed particles in the 
bulls lower GIT.  
 
With high feed quality and very high rumen outflow rates, there is the potential for 
considerable microbial fermentation and acidotic conditions in the lower GIT resulting 
in poor animal health. Ding et al., (1997) found that the buffering capacity of the 
caecum of sheep fed fresh pasture was almost twice that of the rumen when lactic acid 
was used as the titration acid. For both rumen and caecum digesta, the buffering 
capacity was greatest at pH values ranging from 6 to 6.5.  In this trial, pH measurements 
were taken from faecal samples removed from the bulls during the rumen function 
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trials; the lowest pH values was recorded in spring at 0800 h with a mean of 6.24 and 
means for each season 6.70, 6.47, 6.75, 6.58 for winter, spring, summer and autumn 
respectively (data not shown). This would indicate that at no point during the trials, 
faecal pH values were in a sub-acute acidotic range in the bulls. Caecal pH values were 
not recorded but extrapolation from Ding et al., (1997) might allow for conclusions of 
normal pH values assumed in the lower GIT of these bulls therefore presenting nil risk 
of SARA conditions occurring in the lower GIT.  
 
Several authors have investigated specifically the bacterial lipopolysaccharide (LPS) 
production and absorption in the rumen as a function of high starch feeding TMR 
operations. They report these results in SARA, and show release of LPS into the rumen 
resulting in translocation of free LPS into the blood circulatory system resulting in 
activation of an inflammatory response by the animal (Gozho et al., 2005; Khafipour et 
al., 2009a). However, some studies have indicated relative poor permeability of LPS 
through the rumen epithelium suggesting that perhaps it is translocated in the lower 
GIT, specifically from the small or large intestine as a result of microbial fermentation 
(Khafipour et al., 2009b). In this study, we did not measure free LPS present in the bulls 
across the seasons but Khafipour et al., (2009b) indicated that cattle consuming lucerne 
pellets to induce SARA; showed increased concentrations of free LPS present in the 
rumen but no increase of LPS in the blood stream nor an inflammatory reaction as a 
function of an immune response. This suggests no reason for implying an increase in 
LPS concentration as a function of potential SARA in the lower GIT. This area of 
measuring free LPS in rumen fluid and perhaps in the lower GIT would be of 
importance in future studies. 
 
In summary, it seems unlikely that SARA in the lower GIT nor an inflammatory 
reaction due to the presence of free LPS in the rumen are implicated in the aetiology of 
liver abscessation in New Zealand beef bulls. 
5.6.4 Measurements of pH and redox  
The highest mean pH recordings were observed in spring and the lowest in autumn 
(Table 5.7).  In all seasons, rumen pH values recorded were within the acceptable range 
expected with normal rumen function processes under intensive pastoral based 
production systems. 
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5.6.4.1 Feed digestibility, microbial fermentation and rumen pH 
It has been suggested that a decline in feed digestibility may not be related to a lower 
mean rumen pH but rather the length of time the rumen is exposed to a low sub-optimal 
pH environment (usually below 5.5 pH units) (de Veth and Kolver, 2001b, 2001a). In 
the current study, there was no severe depression in rumen pH for any of the seasons 
measured. In spring and summer respectively, the rumen of the bulls was below a pH of 
5.5 for only 0.04 and 0.29% of a 24 hour period (Table 5.8). Other pastoral based 
studies, particularly dairy operations have recorded pH values typically ranging between 
5.5-6.5 units and mean pH values at around 5.8 in animals grazing typically ryegrass- 
white clover pastures (Kolver, 1998; Taweel, 2004; Williams et al., 2005; Tadepalli et 
al., 2009). In this study, mean pH in the rumen was lowest in summer when compared 
to each of the other seasons (Table 5.7); 6.29 ± 0.01 versus 6.38 ± 0.01, 6.44 ± 0.01, and 
6.35 ± 0.01 pH units for winter, spring and autumn respectively. These values of rumen 
pH are currently in the acceptable range of normal rumen pH distribution.  
 
Rumen pH measured in spring were constantly higher than those pH measurements 
recorded in winter where animals were consuming approximately 50% straw diet 
culminating in a much lower total ME intake. These relatively high spring pH 
measurements are interesting considering that intake of pasture was high with a 
relatively high concentration of SCVFA produced in the rumen (Table 5.3). It might be 
assumed that where the concentration of SCVFA in the rumen is high, pH would be 
lower, however, many authors have commented on the relative poor relationship 
between the total concentration and production of SCVFA and rumen pH (Seymour et 
al., 2005). Allen (1997) stated that the dissimilarity between rumen pH and the 
concentration of SCVFA can be partially explained by the different removal of 
dissociated H+ ions through the clearance, neutralisation and absorption of SCVFA 
from the rumen.  It would appear that during the spring grazing cycle, this was indeed 
the case where there is a relatively high stable pH occurring in the rumen along with a 
high concentration of SCVFA. This would therefore allude to, either a higher buffering 
capacity in the rumen at this time holding the mean rumen pH high or an increasing 
absorptive capacity of rumen papillae therefore removing the high concentrations of 
SCVFA before rumen pH could be substantially reduced.   
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The optimal pH range for protein degradation and feed digestibility is between 5.5-7.0 
pH units (Kopecny and Wallace, 1982). Reduced protein degradation using continuous 
culture fermentation systems utilising high forage diets, at pH values from 4.9-5.5 
(Cardozo et al., 2000) and also at a pH of 5.1 for 4 h per day (Cerrato-Sánchez et al., 
2008) resulting in a reduction in a decline in the flow of dietary N using diets consisting 
of 40:60 forage to concentrate ratios. Further in-vitro fermentation studies of alternating 
versus stable pH  performed by Wales et al., (2004) showed that where pH varied 
between 6.5-5.8 versus a constant pH of 6.1 (with both treatments having a mean pH of 
6.1 units) there was no effect on the true, apparent, fibre digestibility nor on the flow of 
dietary or microbial N. Differences only occurred where mean pH units were kept at 
5.6. Under the in vivo feeding conditions of these trials, rumen ventral sac pH remained 
in the currently known and accepted range (Table 5.7; Table 5.8) where there is little 
effect of rumen pH on reducing rates of protein degradation nor fibre digestibility. This 
is further supported by de Veth and Kolver, (2001a) who found that under continuous 
culture fermenter conditions with a high quality pasture diet, only lengths of time of 4 
and 12 h at a pH of 5.4 resulted in significant declines in digestibility of OM, DM, NDF 
and microbial N respectively.  
5.6.4.2 Reduction and oxidation potential 
Generally, higher rumen pH recordings correspond with higher redox potential values 
(Russell and Chow, 1993). This was not the case for this series of trials, mean rumen 
fluid pH in spring was considerably higher than that recorded in summer yet there was 
no difference in the redox potential (Table 5.7 and Figure 5.7). Furthermore, mean pH 
in summer and autumn were very similar yet, mean redox potential were substantially 
higher (approximately 40 mV) in autumn compared to both spring and summer. Under 
normal conditions the redox potential of ruminal fluid is strongly negative which 
reflects the state of anaerobiosis and reducing power of the rumen environment. Higher 
fermentation rates are most often associated with lower redox values and provides better 
conditions for anaerobic bacterial growth (Marden et al., 2008) however there is 
reported variability in specific redox potential conditions for preferential growth of 
certain rumen bacterial species (Kalachniuk et al., 1994). The redox values recorded 
here agree with the previous literature and are in the accepted range for pastoral 
production systems. 
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5.6.5 Protein degradation, ammonia production and feed digestion  
In this series of trials, mean concentrations of ammonia in the rumen in winter was 3.38 
mMol/l; (Table 5.5) and fluctuated from a peak four h after feeding of 6.01 mM to a 
nadir of 1.89 mM, 12 h after feeding (data not shown). From these results it is likely 
that during the winter trials, there would have been extended times where the 
concentration of ammonia in the rumen may have been insufficient for efficient 
microbial growth and production, which has been suggested between 3.5 (Satter and 
Slyter, 1974) and 6 mM/l (Kang-Meznarich and Broderick, 1981; Abdoun et al., 2006). 
This is in contrast to the concentration of ammonia in spring, summer and autumn 
rumen fluid which were well above the minimum with means of 7.50, 14.2 and 8.09 
mMol/l (Table 5.5). The crude protein content of typical intensive New Zealand pasture 
species is often very high (>20%) which results in very high total crude protein intakes 
of livestock grazing these pastures at high allowances. As a result, much of the available 
degradable crude protein is in excess of the capacity for rumen microbial synthesis 
(potentially energy limited), converted to ammonia then converted to urea and excreted 
(Pacheco and Waghorn, 2008; Pacheco et al., 2010). Calculations of estimated 
microbial crude protein production (AFRC, 1995) showed very similar estimates in 
spring and summer (1430 and 1486 g/d) versus 243 and 885 g/d for winter and autumn 
respectively.  
 
Current theories support a role for peptides and amino acids rather than ammonia 
directly affecting and enhancing ruminal bacterial growth and fermentation 
characteristics. B. fibrisolvens is primarily a hemicellulose degrading bacteria which has 
been shown to utilise peptides and amino acids directly for the synthesis of microbial 
protein. It has been reported as along with Streptococcus bovis, and Eubudayi species of 
bacteria as those most dominant proteolytic bacteria in the rumen under New Zealand 
feeding conditions (Attwood and Reilly, 1995, 1996). Given the very fast breakdown of 
high quality pasture protein directly by microbes in the rumen and indeed indirectly by 
pasture produced proteases themselves (Kingston-Smith et al., 2005), there is a need to 
comprehensively understand the role of direct peptide and amino acid absorption rather 
than ammonia  per se in determining nitrogen balance and use efficiency under these 
high production nitrogen rich systems of agriculture. Recently there has been work 
performed evaluating and demonstrating the ability of pure cultures of known fibrolytic 
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species of bacteria to survive on sources of amino acids and stimulate their growth 
(Atasoglu et al., 2001; Bach et al., 2004; Walker et al., 2005). Using continuous culture 
fermenters, Griswold et al., (2003) found that hemicellulose degrading bacteria were 
able to effectively compete with their non-structural carbohydrate degrading bacteria for 
the available peptides and amino acids under the treatment structure of high NDF 
content and nil urea infusion.  
 
Perhaps under intensive pasture management, the utilisation of amino acids and 
peptides for direct incorporation into microbial protein is of a much greater importance 
than currently accepted. The role of the hyper ammonia bacteria (HAP) as defined by 
(Russell et al., 1988; Chen and Russell, 1989; Attwood et al., 1998) have been shown to 
be exclusive fermenters of peptides and amino acids but their role as such is poorly 
understood in pasture based systems. Attwood et al., (1998) identified a species of HAP 
bacteria as being 99.2% similar by phylogenetic analysis to F. necrophorum. When 
grown overnight as a pure culture on a selection of medium containing casein, gelatine, 
tryptone and casamino acids, its primary fermentation product was n-butyric acid. The 
authors reported that its preferential source of growth substrate (based on growth rate) 
was from tryptone, which suggests that it may utilise peptides rather than amino acids as 
its primary source for growth. During spring in this study there was a near threefold 
increase in the concentration and proportion of butyric acid in the rumen in comparison 
to the winter (Table 5.3; Table 5.4). This could very well implicate butyric acid 
producing, peptide and amino acid utilising (primarily NSC fermenting and some 
hemicelluloses degrading species) and fermenting (HAP species) bacteria as major 
players in the fermentation of feed in the rumen under these conditions. Later chapters 
in this thesis elaborate on real time analysis of the population of F. necrophorum in the 
rumen. 
5.6.6 Osmolarity and mineral concentration 
5.6.6.1 Osmolarity 
It is generally assumed that there is a high correlation of increasing rumen fluid 
osmolarity with increasing concentration of SCVFA and minerals in rumen contents 
(Avila et al., 2000)(particularly K, Na). Osmolarity in the rumen exceeding 400 
mOsmol/l have been reported under high concentrate type diets and these were 
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associated with reductions in feed intake, reduced SCVFA absorption, higher rumen 
volume, rumen fluid outflow rate and net water absorption rates in vivo  (Bergen, 1972; 
Oshio and Tahata, 1984; Murphy et al., 1985; Lopez et al., 1992; Owens et al., 1998; 
Reis and Combs, 2000; Gregorini et al., 2008) and lower cellulose degradability in vitro 
(Bergen, 1972).  The mean ranges of osmolarity values (236-296 mOsmol/l) reported 
here are within the range of normal values for ruminants. Typical ranges for 
roughage/pasture feeds have been reported as 240-265 and 280-300 mOsmol/l for 
concentrate TMR feeds (Owens et al., 1998) so the range seen here is representative of 
the different diets which the bulls were consuming between winter and the other 
seasons. Mean rumen fluid osmolarity in winter and spring were 240 and 296 mOsmol/l 
respectively (Table 5.5) which represents a 23.3% increase in what may amount to a 
short period of time. Owens et al., (1998) commented that the osmolarity gradient 
between the rumen and portal circulatory system can have a major effect on the flow of 
fluid across the ruminal wall. When rumen fluid osmolarity is considerably greater than 
blood osmolarity, water from the blood is drawn rapidly inwards through the wall of the 
rumen. Depending on the severity of the gradient between the two, there can be 
considerable damage to ruminal wall integrity. This may have direct consequences on 
micro-abscess formation on the ruminal wall and may in fact lead to increased bacterial 
escape. In this study, we did not measure blood osmolarity. However, the transition 
from the winter to spring did markedly increase ruminal fluid osmolarity by 23.3%. 
Depending on the relative time for blood osmolarity to change and reach equilibrium, 
there may have been a time where there was sufficient gradient between the rumen and 
blood osmolarity where minor damage may have occurred to the ruminal wall but this is 
speculative and requires further work to assess the significance of this observation. 
 
There was no apparent relationship between the concentrations of minerals, SCVFA, 
ammonia and urea on the osmolarity of rumen fluid (data not shown), nor was there a 
relationship with higher osmolarity values with rumen volume and SCVFA, ammonia 
and urea  present in rumen fluid during the rumen evacuation trials. 
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5.6.7 Rumen digesta volumes and fluid passage rates 
5.6.7.1 Mass of rumen contents  
The weight of rumen contents altered significantly across the seasons and between time 
points within a season. The weight of rumen fluid and dry matter contents were highest 
at 2000 h in the seasons of spring and summer respectively (Table 5.10). During these 
two seasons, intake of the bulls was at its highest (12 and 18 kg DM respectively). 
Although the bulls were offered pasture only once per day at 0800 h there was sufficient 
feed available for the bulls to consume during these two seasons for an extended grazing 
session in the late afternoon/early evening period, likely resulting in the rumen contents 
peak at 2000 h. There have been several trials evaluating similar feeding regimes where 
given sufficient feed availability, the main grazing bout and highest grazing intake 
occurs at this time of day in the late afternoon period (Taweel, 2004; Gregorini et al., 
2008). This is in contrast to the seasons of autumn and especially winter where feed 
allocation to the bulls was restricted, the largest rumen dry matter and fluid pools were 
observed at 1200 h; four h after their once per day feed allocation resulting in a 
restricted feed intake later in the day with little feed available during the preferential 
feeding bout of the late afternoon period.  
 
Table 5.10 and Table 5.11 show the weight of rumen NDF, ADF, N, and OM estimated 
in total and as per kilogram of LW. The figures reported here are similar to that of data 
performed in pastoral conditions but tend to be lower than reports under intensive 
pastoral based dairy production systems (Reis and Combs, 2000; Taweel, 2004). Taweel 
(2004) found rumen dry matter results of 18.2-22.4 g/kg LW and rumen NDF pools of 
8.6-11.3 for lactating cows, while this study observed 7.4-16.4 g/kg LW and 3.14-9.5 g 
NDF/ kg LW (Table 5.11).  
 
The mean weight of rumen contents measured in this study as a percentage of  LW were 
similar to previously recorded international data and lower than data recorded for dairy 
production systems (Taweel, 2004; Saldias and Gibbs, 2012, Pers com.) and remained 
relatively stable across the seasons (12.0, 10.9, 11.3 and 12.5% for winter, spring, 
summer and autumn respectively; data not shown).  
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5.6.7.2 Total amounts of short chain volatile fatty acids, ammonia and urea in rumen 
contents 
In all seasons the estimated total quantities of SCVFA, ammonia and urea were highest 
at 1200 h (Table 5.12). These values are highest at this point due to the high intakes at 
this time (4 h after feeding) and as a function of increased microbial activity at this time 
due to the large availability of substrates for fermentation in the rumen. As the year 
progressed and the bulls got larger, so too did their estimated rumen pools of SCVFA, 
ammonia and urea presumably as a function of an increased total rumen volume 
capacity in autumn (P<0.001; Table 5.10 and Table 5.11). 
5.6.7.3 Fluid passage rates 
There is very little available research on the effects of fluid passage rate on microbial 
growth, fermentation and the production of microbial crude protein where pasture is the 
sole source of forage. Most of work that has been performed under in vitro conditions 
using continuous culture fermenters, it is expected where the fluid dilution rate is 
increased that the potential rumen degradation of organic matter and the energy 
available for microbial growth decreases therefore reducing the expected flow of 
bacterial N (Bach et al., 2004). Using a single flow continuous culture system fed a 
soyabean hull diet, Meng et al., (1999) showed that the estimated microbial protein 
leaving the stomach increased 2.2 fold whilst the amount of microbial N increased 1.5 x 
when the fluid dilution rate was increased from 2.5% to 20%/h, all whilst the amount of 
truly digested OM decreased from 62.5 to 44%, pH increased and the concentration of 
ammonia decreased (P<0.001). This is also associated with the effect of rumen digesta 
flow rate and the concentration and place of absorption of SCVFA throughout the entire 
length of the GIT.  
 
A time interval of 16 h was used to ensure that minimal displacement of bulls was 
maintained due to the relatively long time lags experienced during the rumen emptying 
procedure and homozygous results were to be collected consistent with undisturbed 
animals. It was assumed that the rumen emptying procedures had no interference with 
microbial fermentation characteristics, animal digestive processes and feeding 
behaviours (Towne et al., 1986). It should be noted the PEG dilution technique is an 
approximate estimate of the rate of dilution of rumen fluid only from the rumen and 
does not take into account the flow rate of digesta per se.  These marker concentration 
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techniques do have limitations but have been used extensively and enable an accessible 
method of measuring the flow rate of rumen fluid from the rumen (Teeter and Owens, 
1983).  
5.6.8 Rumen microbiology analysis 
It was anticipated that major changes in feed intake and quality might induce changes in 
the rumen microbial community. However observation of the DGGE gels (Plate 5.2 
through to Plate 5.5) suggests there were relatively minor differences between seasons 
in the dominant bacterial species present. There was also only minor variation between 
time points within seasons. Any obvious differences seemed to be more related to 
individual animals (and their individual rumen micro-biota finger print) rather than diet 
manipulation itself. If differences existed, they might have occurred to a greater extent 
between winter and spring where the differences in feed intake and quality were at their 
highest (Table 5.1; Table 5.9). However, based on DGGE profiles there appears to be 
relatively minor changes occurring in the bacterial species communities between winter 
and spring even in the face of major feed and chemical changes entering the rumen. 
Many authors have also found relatively minor changes occurring as described by PCR-
DGGE methodology except in conditions where animals are transitioned between low 
quality forage diets to higher concentrate feeding levels (Kocherginskaya et al., 2001; 
Sadet-Bourgeteau et al., 2010). Others have also concluded that observed differences 
seen between microbial species present are individual animal differences (Li et al., 
2009; Hernandez-Sanabria et al., 2010; Palmonari et al., 2010), rather than changes in 
feed quality and quantity. PCR- DGGE methodology has limitations in sensitivity to 
community change, but does give reliable data on the major bacterial species present. 
There are an increasing number of advanced methods available to more accurately 
describe total micro-biome differences (Berzaghi et al., 1996; McSweeney et al., 2007). 
In conclusion, based from analysis of PCR- DGGE of the V2V3 segment of bacterial 
DNA, there appears to be little change in the micro-biome of the rumen of these bulls in 
the face of substantial changes in diet quantity and quality. Further analysis is required 
to determine if these are real or due to imitation of the PCR DGGE methodology. 
5.6.9 Comparisons with a total mixed ration production system  
In comparison to TMR production systems, intensive pastoral based production systems 
are relatively novel with relatively little literature available. From the results in this 
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chapter, there are some apparent differences in rumen function between the pastoral 
based intensive feeding systems and TMR feeding conditions, and Table 5.19 
summarises the contrasting systems. On average the concentration of SCVFA in the 
rumen of pastoral based cattle is approximately 15.4% higher than that reported from 
cattle fed TMR diets; the concentration of propionic acid is 10.6% lower and NH3 
concentrations are 23.4% higher. Issues of SARA are not reported under pastoral 
conditions in spite of a very similar mean pH in the rumen and a higher concentration of 
SCVFA when compared to TMR (Table 5.19).  
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Table 5.19.  A summary table of research studies comparing the main aspects of rumen function; pH, concentration of short chain volatile fatty acids (SCVFA), the 
molar proportions of acetic, propionic and butyric acids (mMol/100 Mol), the ratio of acetic to propionic acid and concentration of ammonia (mMol/l) from the ventral 
sac of the rumen in total mixed ration (control diets) or pasture diets of cattle. NA represents data not available. 
Production system pH SCVFA Acetic acid Propionic acid Butyric acid Acetic: propionic Ammonia Source 
  
(mMol/l) (Molar %) 
 
(mMol/l) 
 
Total mixed ration 
6.77 86.6 67.0 18.9 12.4 3.53 NA (Bennink et al., 1978) 
6.02 122 51.0 29.4 12.7 1.78 10.1 (Pereira and Armentano, 2000) 
6.01 130 59.3 20.3 14.9 2.99 11.4 (Hristov and Ropp, 2003) 
5.60 118 57.5 21.7 12.8 2.66 7.31 (Schroeder et al., 2003) 
6.6 95.0 63.6 18.4 13.9 3.46 10.5 (Storm and Kristensen, 2010) 
6.10 116 65 18.8 12.5 3.5 11.6 (Schauff et al., 1992) 
6.23 127 63.1 20.9 12.6 3.03 11.1 (Avila et al., 2000) 
6.08 113 60.1 25.1 10.3 2.63 9.22 (Beauchemin et al., 2009) 
NA 137 60.2 24.6 12.2 2.45 5.46 (Martineau et al., 2007) 
6.15 101 64.2 23.9 8.01 NA 9.1 (Gäbel et al., 2002) 
Total mixed ration mean 6.17 114.6 61.1 22.2 12.2 2.89 9.53 
 
Pasture 
NA 132 71 17.1 8.9 4.2 NA (Holden et al., 1994) 
6.4 150 63.2 18.7 12.9 3.4 13.2 (Berzaghi et al., 1996) 
5.9 124 52 16.9 9.7 3.1 6.0 (Taweel, 2004) 
5.9 134 70.6 17.2 11.3 NA 15.4 (Williams et al., 2005) 
6.0 114 64.9 21.4 11.3 3.1 NA (Opatpatanakit et al., 1993) 
6.05 116.5 64.9 20.4 11.2 NA 5.29 (Abrahamse et al., 2008) 
6.19 132 50.4 24.3 17.3 NA 17.6 (Carruthers and Neil, 1997) 
5.53 155 60.1 22.7 12.5 2.72 14.9 (Saldias and Gibbs, 2012, Pers com.) spring 
6.44 124 56 23 17 2.4 7.5 This study (spring) 
6.29 141 63 19 14 3.4 14.2 This study (summer) 
Pasture mean 6.08 132 61.6 20.1 12.6 3.19 11.3 
 
% difference 
(Pasture versus TMR) 
-1.57 +15.4 +0.83 -10.6 +3.10 -10.3 +23.4 
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In general, the proportion of propionic acid in SCVFA under pastoral conditions is 
lower than TMR as a higher proportion of propionic acid is associated with high energy 
and starch feeding environments. However, with the rise in WSC content of many new 
pasture species cultivars and potential benefits for animal performance (Edwards et al., 
2007), higher proportions of propionic acid may well be expected in the future. From 
these results, there is apparent little difference in many of the important measured 
rumen variables except that of the total mean concentration of SCVFA and ammonia in 
the rumen.  
5.7 Conclusion 
The rumen function characteristics of bull beef production systems vary considerably 
across the production cycle. Concentrations of SCVFA and ammonia in the rumen were 
highest in summer, lowest in winter and intermediate during spring and autumn. These 
changes in concentration occur as a function of DM intake and varying pasture and 
supplement quality. Mean rumen pH was lowest in summer but at all times in all 
seasons, values of pH remained in the currently accepted range for normal rumen 
function and microbial metabolism. As a result of higher DM intake in spring and 
summer, the fluid flow rate was considerably higher compared to winter and autumn. 
Mean rumen pool size was largest in autumn and at 1200 h across all seasons. Rumen 
fluid osmolarity increased significantly from winter to spring, though these values are 
within the currently accepted range for cattle temperate forage diets, such a large 
increase in a relatively short period of time may have had an influential effect on 
dynamics of water transport across the rumen epithelium and papillae integrity in the 
spring period. The mean faecal concentration of SCVFA in spring was 2.3 times greater 
than winter, with concentrations in summer and autumn being in-between.  
 
This study has observed that rumen metabolite flux and concentrations in intensively 
managed bulls do share similarities with those published for TMR fed cattle, but there 
are several clearly demarcated differences. While it was beyond the scope of this trial 
design to establish their direct influence on the rate and incidence of liver abscessation, 
comparison of this pastoral based work with TMR based diets highlighted some 
significant differences in aspects of rumen function. First, there is a significantly higher 
SCVFA and ammonia concentrations, which are exaggerated at peak feeding in those 
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seasons of increased intake. Second, there are strong rumen osmolarity peaks observed 
in pasture based bulls. Thirdly, there are clearly sharp and sustained differences between 
the rumen environments in winter feeding regimes and those in spring, with a short time 
interval separation, and such diet shifts are less common in TMR systems.  
 
Given the extensive literature on the rumen epithelial and post ruminal metabolism 
dynamism during transition cow diet changes (Tajima et al., 2000; Penner et al., 2006; 
Fernando et al., 2010), and the consistently spring dominant increases in incidence 
noted in chapter 3, it may be that these features are associated with rumen function and 
structure, or portal system changes that either increase Fusobacterium challenge or alter 
susceptibility in pasture bulls under this production system. The next chapter further 
examines the role of the rumen epithelium and the seasonal shifts it undergoes in 
pasture based bull systems.   
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6 CHAPTER 6. SCANNING ELECTRON AND LIGHT 
MICROSCOPY OF BEEF BULL RUMEN PAPILLAE 
ACROSS THE PRODUCTION SEASONS. 
6.1 Introduction 
The structure and function of the rumen epithelium and in particular the papillae are 
extremely important when evaluating the role of increasing nutrition to ruminants. The 
stratified squamous epithelium of the rumen constitutes only 1% of the total body mass 
of ruminants, yet plays an essential role in the absorption of fermentative end-products, 
primarily short-chain volatile fatty acids (SCVFA) (Goodlad, 1981) and ammonia 
produced as a function of microbial fermentation in the rumen. It also plays a critical 
role as a barrier between the rumen contents and the portal circulatory system. There 
have been several key studies evaluating the role of increased nutrition and its effect on 
epithelial cellular structure under total mixed ration operations (Bull et al., 1965; 
Andersen et al., 1999; Zitnan et al., 2003; Steele et al., 2009) and recently Graham and 
Simmons (2005) reviewed the papillae epithelial structure. Many of these reviews have 
evaluated the effect of acidosis on changes to the structural and physiological aspects of 
rumen papillae length, cell depth and molecular adaptation (Penner et al., 2011). Each 
of these factors directly affect the SCVFA absorption potential (Penner et al., 2009; 
Aschenbach et al., 2011), ammonia  and urea transport across the rumen epithelium 
(Abdoun et al., 2006) in animals fed under total mixed ration feeding regimes. 
 
The currently accepted aetiology of liver abscessation involves the passive migration of 
F. necrophorum from the rumen into the portal circulation system as a result of 
chemical insult to the integrity of the rumen epithelium (Tadepalli et al., 2009) through 
sub-acute acidotic conditions occurring in the rumen. This causes abscessation upon the 
liver due to the ability of F. necrophorum  and other facultative pathogenic bacteria to 
create a micro-anaerobic environment and withstand the animal’s immune response 
(Nagaraja and Lechtenberg, 2007). The structural integrity of rumen papillae of cattle 
grazing pasture under intensive systems of production has not been previously 
described. This chapter aims to characterize the structural and histological changes of 
the rumen epithelium in bulls during different grazing seasons in New Zealand, to better 
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understand if the cellular integrity is compromised at any point during the production 
cycle. The hypothesis of this chapter is that the post transition change from winter to 
spring induces structural transformation in the rumen papillae which allows passive 
migration of rumen bacteria including F. necrophorum through the ruminal wall but not 
as a consequence of rumen acidosis.  
6.2 Materials and methods 
6.2.1 Rumen papillae collection 
Papillae were collected from the ventral sac of each of four fistulated bulls in each of 
the four seasonal rumen evacuation trials; (Chapter 5). On completion of the rumen 
evacuation; a section of the ventral sac of the rumen was manually lifted and 15-20 
rumen papillae were excised with pre-sterilised blunted end fine scissors as close as 
possible to the base of the papillae and rumen wall junction. These papillae were then 
immediately washed in 10 ml of ice-cold phosphate-buffered saline (8.0 g of NaCl, 0.20 
g of KCl, 1.44 g of Na2HPO4, 0.24 g of KH2PO4 adjusted to a pH of 7.4 in 1000 ml 
deionised H2O) (PBS)). This washing procedure was then repeated 10 times, with 
tissues and buffers remaining at ice cold temperature. The total time of epithelium 
removal to last wash was under 10 minutes. The papillae were then placed into a 
solution of ice cold 0.2M Sorenson’s buffer (6.41 g of NaH2PO4, 41.3 g of Na2HPO4 
.7H2O, pH 7.2 in 1000 ml deionised H2O) containing a 2% glutaraldehyde solution and 
left to incubate at 4
o
C for 24 h with occasional stirring. Samples were then washed 
twice more in 0.2M Sorenson’s buffer and fixed entire with 1% osmium tetraoxide in 
Sorenson’s buffer for one h. They were then washed two more times in 0.2M 
Sorenson’s buffer at 4oC. The papillae were then serially washed and dehydrated in 
graded concentrations of ethanol (25, 50 and 70% ethanol solutions) for 15 minutes in 
each concentration then left at room temperature in 70% ethanol solution till such time 
they were required for scanning electron and/or light microscopy procedures.  
6.2.2 Light microscopy preparation 
Sections of four rumen papillae taken from each bull for each season (16 papillae per 
season) were sectioned into 6-8 micron sections using a cryostat microtome set at -
25
o
C. Each individual papillae was selected then removed from the 70% ethanol 
solution and placed onto a microtome plate and immersed with optimal cutting 
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temperature compound (OCT) and left for 5 minutes inside the cryostat till frozen and 
sectioned appropriately. Sections were then placed into 1000 µl PBS solution and left to 
settle out. To ensure sections lay flat on slides, they were removed from the PBS 
solution using a wide mouth pipette tip and 200 µl pipette into sterilised de-ionised 
water (sdH2O); left momentarily to settle and placed upon a pre-labelled poly-L-lysine 
positively charged adhesive slide (Superfrost Plus Slides, FisherScientific Victoria, 
Australia), manually manipulated to lie flat and observed under a 1-4 times 
magnification binocular microscope. Excess sdH2O was then removed from the slide 
and left at room temperature over night to dry. Slides were then bathed in a 2% bleach 
solution in sdH2O for 10 minutes then subsequently stained in haematoxylin and eosin 
solution for  period of 10 minutes, fixed and serially dehydrated in a graduated 25, 25, 
50, 50 70, 75% ethanol in sdH2O solutions, then rinsed 2x with xyline. Cover slips were 
applied to all slides and then left at room temperature to dry. 
6.2.3 Light microscope histology 
Papillae sections were examined under light microscopy using a Lely computerised 
digital microscope under magnifications of 200 times. A section of each rumen papillae 
was photographed at 200 times magnification across its entire length (locations). 
Measuring procedures were standardised for each section measuring the width of tissue 
from the tip of the papillae every 425um (locations) until the cut end was reached.  For 
each location (1-(maximum; 18), a mean epithelial depth, cell count and papillae width 
for all papillae of all bulls in each season was calculated. Measurements of width of 
tissue across the papillae sections entire width as well as the combined depth of the 
stratum corneum, s. granulosum, s. spinosum, and s. basale were taken. For winter 
papillae, the mean number of locations available for measurement was 7, so a single 
mean value for epithelial depth, cell count and papillae width within each season for 
locations 1-7 was also calculated. A series of sequential, cumulative means for location 
1-7 (location 1, locations 1+2, locations 1+…7) and the coefficients of variation of each 
were also calculated. Estimates of tissue vascularity were then made by calculating the 
difference between papillae width and epithelial tissue depth at each location. Cell 
counts were obtained by counting single cells of epithelial tissue at the same point as 
where tissue depth was measured. The microscopist was blinded to treatment during the 
light microscopy work. 
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Epithelial depth, cell count and papillae widths were then compared for differences 
between seasons in a two way ANOVA. The variation in epithelial depth, cell count and 
papillae width present at each location and in each season was assessed using Sum of 
Squares. 
6.2.4 Scanning electron microscopy procedure 
Fixed rumen papillae were transported to the Faculty of Animal and Poultry Science, 
University of Guelph, Ontario, Canada and processed and examined using scanning 
electron microscopy (SEM). All procedures related to the further fixation were followed 
according to the methods described by (Graham and Simmons, 2005). All SEM were 
performed by experienced SEM technical staff at the University of Guelph, Department 
of Animal and Poultry Science, Guelph, Ontario, Canada. For SEM, the papillae were 
subjected to critical-point drying using liquid CO2 as the medium then mounted and 
coated with gold. Samples were then examined with scanning electron microscope 
(Hitachi S-570, Hitachi Technologies, Tokyo, Japan). The microscopist was blinded to 
treatment during the SEM procedures.   
6.2.5 Protozoa counting procedures 
To assess the protozoa epithelial colonization, a relative protozoa surface density 
measurement was conducted using images obtained through SEM.  In brief, 10 papillae 
per bull per season were viewed and scanning electron images were taken at 100X 
magnification (10KV).  To standardize where the image was taken on each papillae, the 
tip of the papillae was brought into view at 50X magnification before increasing the 
magnification to 100X.  The number of protozoa was counted in each image (10 mm
2 
in 
total per bull per season) by two independent examiners which were blinded to 
treatment and the mean value between each examiner divided by the surface area and 
used for the relative protozoa colonization assessment. 
6.3 Results 
6.3.1 Light microscopy of papillae ultrastructure 
The mean papillae epithelium depth and cell count were both significantly greater in 
winter compared to other seasons in locations 1-18 (P=0.001) and locations 1-7 
(P=0.006), with no significant differences between other seasons (P>0.05; Table 6.1). 
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Papillae width was significantly greater in winter compared to other seasons in both 
locations 1-18 and 1-7 (P=0.004), while non-epithelial width was not significantly 
different (P>0.05) between seasons in locations 1-18 or 1-7.  
 
Table 6.1. The measured depth of epithelial tissue and width of papillae (µm), cell 
count and depth of vascularity of epithelial tissue of papillae excised from rumen 
fistulated bulls in winter, spring, summer and autumn. 
Season 
Papillae width 
(µm ± SEM) 
Epithelial depth 
(µm ± SEM) 
Non-epithelial 
width (µm ± SEM) 
Cell count 
Locations 1-18 
    
Winter 182 ± 22.38
a
 68.6 ± 7.47
a
 47.3 ± 7.01
a
 13.9  ± 1.11
a
 
Spring 145 ± 12.76
b
 49.8 ± 3.49
b
 62.0 ± 6.27
a
 10.4 ± 0.20
b
 
Summer 142 ± 22.84
b
 52.0 ± 2.71
b
 60.8 ± 9.47
a
 10.1 ± 0.53
b
 
Autumn 170 ± 4.02
c
 52.6 ± 2.18
b
 64.3 ± 1.18
a
 10.3 ± 0.30
b
 
     
Locations 1-7 
    
Winter 206 ± 14.2
a
 74.4 ± 3.44
a
 57.1 ± 6.74
a
 14.7 ± 1.08
a
 
Spring 161 ± 15.3
b
 51.2 ± 4.02
b
 58.3 ± 7.63
a
 10.6 ± 0.29
b
 
Summer 166 ± 13.6
b
 53.6 ± 2.49
b
 58.6 ± 9.87
a
 10.3 ± 0.47
b
 
Autumn 170 ± 4.47
b
 53.8 ± 2.15
b
 62.6 ± 3.59
a
 10.7 ± 0.28
b
 
Superscript letters represent significant differences between seasons (P<0.05) in each column.  
The mean values for maximum and minimum tip epithelial depths were 363 ± 40.4 and 
76.2 ± 3.9, 253 ± 22.9 and 56.2 ± 1.4, 240 ± 14.2 and 64.0 ±1.4, and 241 ± 20.4 and 
65.7 ± 1.1 µm for winter, spring, summer and autumn, respectively. The corresponding 
mean values for maximum and minimum tip epithelial cell counts were 26.8 ± 2.2 and 
7.7 ± 0.3, 17.7 ± 4.7 and 7.2 ± 0.3, 21.5 ± 3.3 and 7.1 ± 0.5, and 17.6 ± 8.4 and 4.9 ± 0.4 
µm for the same seasons. Maximum tip epithelial depth and cell count only were 
significantly greater (P=0.03) in winter compared to the other seasons. 
 
Plate 6.1 to Plate 6.4 are typical examples of the papillae tips photographed at 200 times 
magnification for all seasons.  
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Plate 6.1. An example of a section obtained by light microscopy of excised rumen 
papillae for the season of winter. Bar represents 200 µm. 
 
Plate 6.2. An example of a section obtained by light microscopy of excised rumen 
papillae for the season of spring. Bar represents 200 µm. 
NOTE: depth of epithelial tissue in winter: Table 6.1 
NOTE: Higher cell count in winter: Table 6.1 
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Plate 6.3. An example of a section obtained by light microscopy of excised rumen 
papillae for the season of summer. Bar represents 200 µm. 
 
Plate 6.4. An example of a section obtained by light microscopy of excised rumen 
papillae for the season of autumn. Bar represents 200 µm. 
6.3.2 Scanning electron microscopy of excised rumen papillae 
Plate 6.5 shows an example of scanning electron microscopy of excised rumen papillae 
removed in winter (A) and spring (B). The surface of papillae in winter was very 
smooth with little evidence of contours on the layer of tissue. In comparison, papillae 
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removed from the bulls in spring showed considerably more corrugations and wrinkles 
upon the surface of the papillae. Images of papillae removed from summer and autumn 
are not shown as they were very similar to that of papillae removed from spring with no 
comparable differences apparent. 
 
Plate 6.5. Scanning electron microscopy of the surface of two papillae removed from 
the winter (A) at 50 times magnification and spring trials (B) at 40 times magnification.  
Plate 6.6 shows the same view of the papillae at an increased magnification illustrating 
the depth and furrows present in the summer removed papillae (B) in comparison to 
those excised from the winter (A).  It is evident that there were more protozoa on the 
summer papillae in comparison to the comparatively desolate surface of the papilla 
removed in winter. This is confirmed in Figure 6.1 which shows a zero count of 
protozoa present on winter papillae and the relatively smooth papillae surface area in 
comparison to summer (Plate 6.5 B).  
B A 
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Plate 6.6. Scanning electron microscopy of the surface of two papillae removed from 
the winter (A) and summer (B) trials at 100 times magnification. The organisms in Plate 
6.6 B are protozoa present upon the rumen epithelium.  
Plate 6.7 B shows the extensive sloughing of the epithelial tissue in a sample removed 
from spring versus that of winter (Plate 6.7 A). In comparison to winter papillae, 
samples removed from spring, showed extensive sloughing of the outermost keratinised 
epithelial tissue. 
  
Plate 6.7. Scanning electron microscopy of the surface of two rumen papillae removed 
from the winter (A) and spring trials (B).   
A B 
B A 
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6.3.3 Protozoa count on papillae tissue 
Counts of the mean number of protozoa present on the papillae tissue was highest in 
summer and lowest in winter (12 versus zero protozoa/mm
2
; Figure 6.1) with 
intermediate values of 8 and 3 protozoa/mm
2
 for spring and autumn respectively.  
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Figure 6.1. The mean number of protozoa observed on the surface of excised rumen 
papillae from scanning electron microscopy images of the four bulls in each season of 
winter, spring, summer and autumn. 
6.4 Discussion 
6.4.1 Introduction 
The objective of this trial was identify any rumen epithelial changes occuring between 
different seasons in New Zealand beef bulls, and examine this in concert with the 
established seasonal incidence data. One possible difference in aetiology between lot 
fed cattle and these pasture based cattle is that rumen damage is typically secondary to 
acidosis in lot feeding, but in these New Zealand cattle there may be potential during the 
winter-spring transition for cellular integrity to be compromised giving rise to the 
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higher liver abscessation incidence particularly in November and December (Chapter 
3). The results suggest significant changes in both histology and ultra-structure. Light 
microscopy revealed significantly greater changes in the papillae tissue depth between 
winter and each of the other seasons (Table 6.1; P<0.05).  
 
Samples viewed under SEM showed considerable changes in papillae ultra-structure 
between winter and each of the other seasons. There are many papers measuring the 
effect of different feeding regimes on rumen function, motility and metabolite 
production in both feedlot and pasture based cattle. However this study is the first to 
measure rumen epithelial papillae structural changes throughout a typical grazing 
production cycle in pasture based cattle. 
6.4.2 Changes of rumen papillae  
6.4.2.1 Papillae size 
From the SEM and light microscopy of papillae tissue, it is evident there are major 
differences occurring, papillae were considerably narrower with more vascularity (Table 
6.1) and much more apparent corrugation (Plate 6.5 A and B) in spring compared to 
winter respectively. It has been well established that the rumen environment of cattle is 
able to respond to increased dietary intake by increasing the size and population density 
of the rumen papillae thus increasing the potential surface area for absorption (Baldwin, 
1998; Gabel et al., 2002; Penner et al., 2011). Table 5.3 shows the mean concentrations 
and range of rumen derived SCVFA measured in each season during the rumen function 
trials. Total mean concentrations of SCVFA in spring were 43% greater than that of 
winter (86.9, 124, 141, and 91.1 mMol/L for winter, spring summer and autumn 
respectively; P<0.001). With this significant change in the concentration of SCVFA in 
the rumen between winter and spring, there were also major changes in papillae 
ultrastructure as seen in Table 6.1.  
 
Papillae width was reduced in spring, summer and autumn compared to winter 
suggesting there was a physiological response to the increased concentration and 
production of SCVFA in the rumen (Table 6.1). This would be thought as to enhance 
the absorptive capacity of the rumen epithelium for SCVFA and other metabolites such 
as ammonia in the rumen in spring, summer and autumn. There are several 
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physiological adaptation options available to increase the absorptive capacity of rumen 
papillae to higher concentrations of SCVFA. Either there would be an increase in rumen 
papillae size and morphology therefore increasing available surface area or an increased 
metabolic activity hence increasing potential absorption potential.  Plate 6.5 A and B 
show an apparent increase in crevice formation and depth of papillae in spring 
compared to winter. This increase in crevice size and corrugation may also be acting in 
tandem with the increased size of the papillae to enhance the total surface area for 
absorption. In accordance with these results, Steele et al., (2011) also showed that 
epithelial crevice formation coincided with the adaptation to an increased dietary energy 
intake on animals fed a mostly concentrate based diet compared to that of a forage 
based diet. Each of these responses have been observed previously and have been 
widely described in reviews of SCVFA absorption as a result of increased feed quality 
(Penner et al., 2009) 
 
Bannink et al., (2005; 2008) reported considerable differences in rumen papillae 
adaptation when using a single diet transition but with either a fast (1.5 weeks) or slow 
adaptation period (3 weeks) to a high concentrate diet. The authors showed that within 
1-2 weeks, rumen papillae of cattle under the fast transition treatment had altered 
considerably in shape, size (longer and thinner) and there was a higher density in 
response to the higher SCVFA load produced in the rumen. This would result in 
considerably higher absorption of available SCVFA in the rumen (in their study, there 
was no difference in SCVFA concentrations though an increase in SCVFA production 
rate was observed between treatments). It would be assumed that under these 
conditions, rumen papillae adapted to the increased SCVFA production and therefore 
increasing the capacity for efficient absorption of metabolites produced as a function of 
an increased microbial metabolism in the rumen. Both Steele et al., (2011) and Bannink 
et al.,  (2005; 2008) observed a reduction in the total thickness of rumen epithelial tissue 
during the transitional phase from a low to a high quality diet.  Steele et al., (2011) 
showed a substantial reduction in the  s. basale, s. spinosum, and s. granulosum layers 
of epithelial tissue removed post transition, while Bannink et al.,  (2005; 2008) 
measured reduced epithelial tissue depth in the fast transition treatment at 3 weeks post 
the transition phase. Both these reports confirm the data produced from this series of 
experiments, as a response to increase SCFVA concentrations in a fast transition 
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environment, the papillae are considerably thinner and longer therefore potentially 
increasing the capacity for enhanced SCVFA absorption.  
 
This evidence of the animals ability to adapt to a sudden change in diet from mostly 
forage to mostly concentrate source has been observed in several papers on the 
physiological adaptation during the transition phase.  Both Bannink et al., (2005) and 
Steele et al., (2011) measured rumen pH and function post the transitional period, with 
these studies showing an acidotic environment only occurring in the first (Steele et al., 
2011) and second week (Bannink et al., 2005; Bannink et al., 2008) post transition 
respectively. After this period of time, rumen pH in both studies rose to the normal 
ranges of 6.0-6.2. They concluded that thereafter, the animals adapted to the high 
concentrate feed type and regulated rumen pH through increased absorptive capacity of 
SCVFA. For the purpose of this study, this measurement of rumen function during the 
immediate transitional period was not an objective; this study measured the rumen 
environment three weeks after the sudden transition from the winter to spring diet. 
Therefore it may be that perhaps during the initial adaptation phase, there was a time 
(within the first 5 days) where rumen epithelium integrity may have been compromised. 
The results as reported by Bannink et al., (2005; 2008) and indeed Steele et al., (2011) 
suggests that the rumen environment in the bulls from this study would have adapted 
fully to the increased SCVFA load produced from a higher intake of a much higher 
quality feed source in the spring within a 2 week period.  
6.4.2.2 Papillae metabolism and cellular structure 
There is considerable conflict in the literature on the effects of SCVFA on ruminal 
tissue activity, papillae size and growth and epithelial cell metabolism. Generally, in 
vivo studies have shown increases in each of these characteristics mentioned above 
(Bannink et al., 2005; Penner et al., 2006; Bannink et al., 2008) but under in vitro 
conditions, increasing concentrations of SCVFA can inhibit cell proliferation and 
metabolism (Sakata and Yajima, 1984; Baldwin, 1999). It has therefore been proposed 
that the actual stimulatory activity by the increased concentration of SCVFA under in 
vivo conditions is actually indirect, as it is widely known that there are a range of 
humoral mediators and gut hormones involved with the adaptation of rumen epithelial 
tissue to increasing diet quality. Recently, Connor et al., (2009) and Penner et al., 
 155 
 
(2011) reviewed the current knowledge of the molecular adaptation and gene expression 
responses of the ruminal epithelial tissue to higher quality diets. 
 
Steele et al. (2009)  showed that an increased rate of rumen epithelial proliferation is 
often associated with amplified differentiation and migration of differentiated cells of 
the stratified squamous epithelium.  The extent of sloughing of the s. corneum in this 
study appeared to be less during winter in comparison to other seasons as squamous 
epithelial cells were firmly attached to each other (Plate 6.7). Visual observations of the 
shedding of the outermost keratinised epithelial layer seemed to be amplified in the 
spring when compared to winter (Plate 6.7 A and B). This coincided with a major 
increase in the intake of energy and the production of SCVFA in the rumen (86.9 versus 
124 mM for winter and spring respectively).  
 
In addition, the degeneration of cellular junctions in lower strata, due to increased 
substrate load (Steele et al., 2009) and intraruminal infusion of specific fermentative 
end-products (Costa et al., 2008b, 2008a) have also been reported in other rumen 
epithelial studies. In this study, it appears that the degree of cellular attachment in lower 
strata was also compromised from the transition of winter to spring as shown by images 
from light microscopy in Plate 6.1 to Plate 6.4. Tight junction erosion between 
epithelial cells, which enhances the opportunity for paracellular transport of primarily 
SCVFA and ammonia, has been proposed as one potential mechanism of adaptation to 
high energy diets by the epithelium (Penner et al., 2011; Steele et al., 2011). However, 
the erosion of ruminal epithelial cellular junctions may enable the migration of 
microbes through the epithelium into the systemic circulatory system, thereby causing 
liver abscesses (Nagaraja and Titgemeyer, 2007; Tadepalli et al., 2009) and a systemic 
immune response (Plaizier et al., 2008; Khafipour et al., 2009a).  
 
In this New Zealand study, there is the possibility under this system of feeding 
management that the rumen epithelial integrity may be compromised during the 
transition from the winter to spring grazing regime. This would not be a function of 
SARA conditions occurring in the rumen, rather a structural adaptation of the rumen 
epithelium responding to large increases in SCVFA concentration and increased 
metabolic activity.  Extensive sloughing of the rumen epithelium tissue in spring might 
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give rise to the potential for microbes to escape from the rumen epithelium through the 
rumen membrane.  
 
The mitotic activity of ruminal epithelial tissue is potentially an important characteristic 
contributing to the changes in cellular structure as observed in Table 6.1. The rate of 
cell death and loss at the luminal surface of the epithelial layer is also very important as 
issues such as hyperkeratosis are often associated with SARA conditions in the rumen. 
This may possibly reduce absorptive capacity and ability of the ruminal tissue to utilise 
SCVFA from the rumen fluid. As well as this, these dying and decaying epithelial cells 
are an important source of protein to the epithelial associated microbiota (Wallace et al., 
1979). In vivo studies show that each of the three major SCVFA increased the mitotic 
activity of rumen epithelial cells in the first 3-4 days during the transition period 
(exceeding 1% versus 0.3-0.4% on roughage feed types); (Sakata and Tamate, 1978, 
1979; Sakata and Yajima, 1984) after which, the mitotic index then slows to a level of 
0.6- 0.8%. Goodlad (1981) estimated the turnover time of epithelial tissue during the 
transition from a roughage to a concentrate based diet, the author concluded that the 
estimated turnover time of epithelial tissue in sheep fed a predominantly roughage diet 
was 16.5 days versus 10.9 days when fed a concentrate based diet after the transitional 
phase. During the transitional phase, the turnover rate was only 4.3 days. These data 
would support  Steele  et al., (2011) in that the first week during the transitional phase is 
the most important for potential animal health issues to occur.  
 
There is still much speculation on the actual effects of SCVFA on either increased 
mitosis and/or apoptosis as a result of animals receiving higher quality feed types. The 
results observed in this study would appear to disagree with an increased mitotic 
activity of the epithelial tissue as papillae tissue is narrower (Table 6.1) when the 
concentrations of SCVFA are at their highest therefore suggesting under this 
environment there is relatively more apoptosis occurring which is supported by the 
evidential desquamation of the outer most epithelial cells (Plate 6.7 B). It could be 
hypothesised that narrower epithelial tissue may be an indication of decreased mitotic 
activity as a response to the increase in the concentration of SCVFA to improve 
absorptive capacity as more recent literature such as Steele et al., (2011) agree with the 
findings reported here. There is obviously much scope to identify these changes of 
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rumen epithelial physical adaptation and their effect on physiological response and 
needs for increased or decreased metabolic requirements. 
6.4.2.3 The specific role of butyric acid 
Increases in the concentration of butyric acid in the rumen have been widely reported to 
lead to increased epithelial growth, morphology and function, especially in the pre-
ruminant (Bull et al., 1965; Nocek et al., 1984; Noziere et al., 2000; Zitnan et al., 
2003), adult ruminant (Sakata and Tamate, 1978, 1979; Shen et al., 2004; Shen et al., 
2005) and in the hind gut of mammals in general (Blottiere et al., 2002) in vivo. 
Infusion of butyric acid into the rumen seems to have a greater effect on each of the 
characteristics above than infusions of either propionic or acetic acid. The unparalleled 
increase in the concentration of butyric acid experienced in spring in this particular trial 
has not been demonstrated previously in adult cattle under pastoral conditions. In this 
study, ruminal butyric acid concentrations and the proportion of butyric acid to total 
SCVFA increased significantly from winter to spring concentrations of 7.4 versus 21.4; 
(P<0.001) giving proportions of 0.09 and 0.17 (P<0.001) of butyric acid to total 
concentrations of SCVFA in the rumen; Table 5.4). 
 
It is widely accepted increased butyric acid concentrations increase rumen papillae 
growth and activity under in vivo conditions. The increased concentration of butyric 
acid in the rumen in spring is likely to be one of the main mechanisms responsible for 
triggering the morphological changes of papillae size and ultrastructure detected by 
light microscopy and SEM in this trial.  However it is uncertain whether butyric acid 
plays a direct or an indirect role in eliciting a proliferative response of rumen papillae 
function in the epithelium as in-vitro and in-vivo studies report variable conclusions 
(Penner et al., 2011). Regardless of the precise mechanism, the increase in ruminal 
butyric acid concentrations coincides with the changes in rumen epithelial growth and 
morphogenesis.  Mentschel et al., (2001) reported that the main role of butyric acid in 
epithelial cellular morphology was certainly related to increased mitotic activity 
(P<0.05) but was mostly attributed to a reduction in cellular apoptosis (P<0.001). This 
would further support this hypothesis of increased cellular apoptosis in the spring 
resulting in the thinner epithelial tissue as mentioned previously.  
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6.4.3 The population of protozoa upon rumen papillae tissue 
Protozoa colonization to the rumen epithelium was initially shown by  Abe et al. (1981) 
however the nature of their adherence is poorly understood. In this study the ciliated 
protozoa, Dasytricha ruminantium was found to colonize the papillae individually or in 
a colony and preferred the deep crevices of the rumen papillae (Plate 6.6 B). A 
simplified explanation of their preferred site of colonization is that the crevices act as a 
protective shield from digesta in contact with rumen papillae and a more stable rumen 
environment chemically as it is widely proposed that pH is higher at the epithelial 
interface. In addition, potential chemo-tactic stimuli could be responsive for the 
protozoa moving into the large crevices from which potential nutrients and growth 
factors are diffusing, thus creating an ideal microenvironment to habituate. The 
protozoal population present in rumen contents was not studied in this trial but would be 
assumed to be increasing with improvements in diet quality (Dennis et al., 1983).  
 
From the data obtained from Chapter 5, there were considerably higher flow rates of 
fluid from the rumen in spring compared to the other seasons; 10.8, 22.7, 21.3 and 14.5 
%/h for winter, spring, summer and autumn respectively (P<0.001; Table 5.14). It could 
be postulated that the increase in protozoa adhered to the rumen epithelium in both of 
these seasons (spring and summer; Figure 6.1) is a physiological and behavioural 
adaptation employed by the protozoa to avoid being expelled from the rumen. There 
have been several studies reporting the population characteristics of protozoa in the 
rumen and particularly that of their ability to avoid being expelled from the rumen as 
the populations from samples obtained from abomasal digesta often contains 
considerably less protozoa than what is present in the rumen; estimates have been made 
of approximately less than 30%  of protozoa counted in the abomasal fluid compared to 
populations in the rumen (Weller and Pilgrim, 1974; Michalowski et al., 1986). There is 
also evidence of their ability to move from the wall of the rumen to digesta as a function 
of the timing of feeding and/or source of feed made available (Abe et al., 1981) with  
populations in the digesta fluctuating greatly in response to feeding (Murphy et al., 
1985) as well as differing populations in different areas of the rumen itself (Abe and 
Iriki, 1989). The largest populations are most often recorded at or within several hours 
after feeding (Leng et al., 1986).  
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6.4.4 The population of bacteria upon rumen papillae tissue 
Steele et al. (2009) noted that under extreme feeding conditions to induce acidosis, the 
sloughing of  the s. corneum and s. spinosum resulted in a considerably reduced 
quantity of bacterial cells present upon the epithelial tissues. In contrast, under this 
feeding regime, given a much greater concentration of SCVFA being produced in the 
spring feeding trial and extensive evidence of sloughing of the outer layer of tissue, 
there was a more diverse microbial population present upon the epithelium surface of 
the rumen papillae. It could be proposed that the increased corrugations of the surface of 
the papillae as evident in the spring trial gave rise to a much more inhabitable 
microenvironment to the adherent bacterial species which preside on the epithelial 
surface. The role of these bacteria is poorly understood nor their function well 
recognised however microbial colonization of the epithelium has been shown in 
multiple studies and is considered to be an important part of host-microbial 
communication (Bauchop et al., 1975; McCowan et al., 1980; Dehority, 2010).  
 
There is evidence of the ability of adherent bacterial species to degrade and digest the 
keratinised epithelial tissue of the rumen of animals infused with SCVFA and buffer 
solution (Dinsdale et al., 1980). Indeed Wallace et al. (1979) developed a technique to 
study the role of epithelial adherent bacteria by infusing live animals solely with a range 
of synthetic SCVFA and buffer into the rumen and protein and essential nutrients 
directly into the abomasum. It was shown that rumen attached bacteria can exist 
independently without populations of liquid and solid associated bacteria in normal 
rumen liquor. It has been suggested that these bacteria are primarily responsible for the 
digestion of urea within the rumen and that they initiate the breakdown of dead 
epithelial tissue from the s. corneum epithelial papillae tissue (Wallace et al., 1979). 
 
Meng and Preston (1998) showed that the rumen epithelial surface obtained from steers 
fed a high roughage diet was more densely populated than that obtained from steers fed 
a low roughage diet. Using in vitro techniques, bacterial attachment to epithelial tissue 
removed from animals fed a low concentrate based diet was considerably higher than 
that tissue removed from animals which had been previously fed a high concentrate diet 
(15.6 ±0.64 and 3.6 ± 0.71 bacteria per cell respectively) (P<0.01). In this study, the 
crevices were rich in microbial colonization and appeared to be the ideal and essential 
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microenvironment for supporting colonization as no colonization was detected in 
winter.  Evidence has been previously reported of the highly keratinised squamous cells 
and extensive sloughing of these most exposed cells upon the ridges suggesting that the 
outermost keratinised cells are not likely to act as a epithelial permeability barrier 
(Graham and Simmons, 2005) with extensive microbiological flora contained in the 
troughs further supporting growth and habitation of microflora in the crevices of 
papillae (Plate 6.5B and Plate 6.6B).  
 
There is evidence of a reduced bacterial population upon parakeratosed rumen 
epithelium (Semjén et al., 1982; Steele et al., 2009) as a function of animals suffering 
from acute ruminal acidosis. From the data gained from chapter 5 of this thesis, there 
was a much greater concentration of SCVFA produced in the rumen in spring and 
indeed in all seasons compared to winter. Plate 6.6 shows a much greater population of 
bacteria present on rumen epithelial tissue in spring (B) compared to winter (A). This is 
even when in Plate 6.7; there is considerable sloughing of epithelial tissue in spring 
when compared to winter. This indicates that there is a physiological adaptation of the 
ruminal mucosa to the increased concentration of SCVFA present and yet certainly no 
microbial evidence of acidotic conditions occurring in the rumen proven by their 
attachment to epithelial tissue under these conditions. 
6.5 Conclusion 
The results from this work demonstrate that there are major physiological adaptations 
occurring in the rumen papillae ultrastructure as a function of different feed intakes and 
total feed quality during a typical New Zealand production cycle on pasture. Samples 
removed from winter were thicker and had less vascularity than those obtained from 
other seasons. There was evidence of considerable physiological adaptation to the 
higher intakes of higher quality feed across the production season. There was no 
evidence of SARA or rumenitis occurring on any of the samples obtained even in the 
presence of high concentrations of SCVFA, particularly in spring and summer.  There 
was extensive desquamation of the outermost epithelial tissue and more vascular tissue 
in spring which suggests a response from the bulls of increased absorptive capacity in 
the face of higher concentrations of SCVFA and fermentation end products. Issues 
surrounding the mitotic activity of epithelial cells are unresolved and there seems to be 
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some conflict amongst the literature sourced as to the effect of increased mitotic activity 
as reported by some researchers and yet this decreased thickness of the tissue of the 
epithelium as a purported function of response to the increase SCVFA concentrations as 
seen in this study. Apparent bacterial and protozoa populations adhered to the rumen 
epithelium differed greatly between seasons and there seems to be a morphological 
habituation employed by both in response to differing rumen dynamics across the 
production season.  
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7 CHAPTER 7. THE POPULATION OF 
FUSOBACTERIUM NECROPHORUM IN THE RUMEN 
OF BEEF BULLS ACROSS A PRODUCTION CYCLE 
AS ASSESSED BY GENUS SPECIFIC 
QUANTITATIVE POLYMERASE CHAIN REACTION 
7.1 Introduction 
It is apparent that liver abscessation is an issue for the New Zealand bull beef 
production industry (chapter 3). Chapter 4 demonstrated the major physiological 
changes occurring in the rumen across a typical bull beef production cycle, particularly 
within the adaptation from a winter based diet where animals are fed near maintenance 
rations moving into the spring where animals are fed ad lib diet of high quality pasture. 
Both within the New Zealand production system and internationally it is widely 
recognised that F. necrophorum plays a pivotal role in causing and being present in the 
abscesses in livers of infected cattle (Section 2.4.8).  Here the objective is to identify 
any rumen population changes of F. necrophorum across the production cycle. The 
hypothesis is that there is a rise in the population of F. necrophorum in the rumen in 
spring which causes an increased incidence of liver abscessation observed in late spring 
and early summer.  
7.2 Methods and materials 
7.2.1 Rumen contents sampling 
Samples were removed from the rumen of the bulls as per the diurnal rumen function 
trial performed in chapter 5. Briefly, samples of whole rumen contents were removed 
via hand grab method from the bottom of the ventral sac of the rumen every four hours 
for a 24 hour period and placed into a sterile 60 ml screw top container and immediately 
placed in an ice slurry. When sampling was completed at each sampling event, samples 
were placed into a blast freezer at -20
o
C until the time that they were required for 
genomic DNA analysis.  
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7.2.2 Genomic DNA extraction  
The protocols for total gDNA extraction were the same as those previously described 
(Section 4.2.3). Following extraction, as an extra purification step, 250 µl of each 
sample was removed and placed through 1.5 ml light phase lock gel tubes according to 
the manufacturer’s instructions (5Prime, Gaithersburg MD, USA). The concentration 
and purity of extracted gDNA were determined using a nano-spectrometer (NanoDrop 
Products, Wilmington, DE, USA) (absorbance at 260/280nm) and fragment size 
estimated by standard 2% agarose gel electrophoresis using a 1 kb ladder in TBE buffer.  
7.2.3 Polymerase chain reaction protocols 
Protocols and primer sets were established using the primer sets determined by Jensen 
et al., (2007) which were the same as those by Aliyu et al., (2004) modified for a  
TaqMan assay. This assay is based on the amplification of a 277 bp amplicon of the 
RNA polymerase B- subunit gene (rpoβ). The forward primer consisted of rpoβ - 
forward (rpoβ F) 5’- TCT CTA CGT ATG CCT CAC GGA TC-3’ (positions 171-193 
of the partial sequence of the rpoβ gene; (Narongwanichgarn et al., 2003)) and rpoβ - 
reverse (rpoβ R) 5’- CGA TAT TCA TCC GAG GGT CTC-3’ (positions 447-424). A 
species specific assay probe was also developed; 5’- TTG CCG GCG GAA GAC ATG 
CCT TTC TTA (positions 167-193) and labelled at the 5’ end with 6-
carboxyfluorescein and at the 3’ end with Black Hole Quencher 1 (BHQ1). Conditions 
were modified to suit the ABI  Prism 7000 thermal cycler to determine ideal reaction 
procedures and were the following; an initial denaturation step of 90
o
C for 10 minutes 
followed by 55 cycles of 90
o
C for 30 seconds and florescence detection at 65
o
C for 60 
seconds. Reactions were performed in a 25 µl reaction consisting of 12.5 µl of 2 x 
Brilliant II QPCR Master Mix (Agilent Technologies, Stratagene Products Division, 
California, USA), 2.5 µl of 100 mM (final concentration) TaqMan probe, 2.5 µl of 300 
mM (final concentration) of each rpoβ TaqMan forward and reverse primer, 0.375 µl of 
the ROX reference dye (final concentration of 300 mM) and 5 µl of the template DNA 
sample. Primers and the probe were synthesised by Applied Biosystems (ABI) 
Carlsbad, California, USA). Before QPCR was performed, the specificity and reliability 
of the Q-PCR were tested utilising extracted gDNA from F. n. necrophorum (NTCC no. 
10575) and (ATCC no. 25286), F. n. funduliforme (ATCC no. 51357), F. 
pseudonecrophorum (ATCC no. 51644), F. varium (ATCC no. 8501), F. equinium 
(NTCC no. 13176) and sdH2O as the negative template control for each PCR run.  
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7.2.4 Preparation of standards and QPCR reaction efficiency 
Products from F. necrophorum specific rpoβ PCR of liver abscess gDNA and F. n. 
necrophorum (NTCC no. 10575) gDNA samples using the above TaqMan primer sets 
were constructed using an end point PCR reaction. The size and quality of PCR 
products produced by the rpoβ primer amplification was determined using 2% agarose 
gel electrophoresis ran at 95V at 400 mA for 90 min in TBE buffer (89 mM Tris–borate, 
89 mM boric acid, 2 mM Na2EDTA [pH 8.9]) with a 1 kb ladder (Fermentas, Thermo 
Scientific, Waltham, Massachussetts, USA) as marker and stained with GelRed 
(Biotium, Inc., Hayward, California, USA). All agarose gels were visualised under an 
ultra violet light using a BIORAD Molecular Imager Gel Doc XR System. (BIORAD 
Laboratories, Hercules, California, USA). Successful amplification was determined 
when there was a single band present at approximately 279 base pairs post-agarose gel 
staining.  
 
PCR amplicons were purified using the QIAquick PCR purification kit (QIAGEN, 
Doncaster, Victoria, Australia). Cloning of the resultant successful PCR products into 
TOPO TA Cloning Kit (Invitrogen, Carlsbad, California, USA) was then performed 
with Escherichia coli One Shot® Mach1™-T1R chemically competent cells using 
pCR2.1-TOPO vectors. All cloning reactions, storage, plasmid extraction and 
sequencing of clones were the same as described in Section 4.2.6.  
 
Upon verification that the sequence data from amplified PCR products from liver 
abscess DNA and F. n. necrophorum (NTCC no. 10575) matched the partial sequence 
data from the rpoB gene as reported by (Aliyu et al., 2004), Plasmid DNA was serially 
diluted 10 times in TE buffer. The resultant DNA was then subjected to the TaqMan 
QPCR assay creating a standard curve and calculation of the number of rpoB gene 
segment copies was determined by dividing total DNA concentration in the reactions by 
the 277 base pair (bp) segment by the total E. coli plasmid DNA construct consisting of 
3931 bp.  
7.3 Analysis of samples 
Samples of gDNA obtained from the rumen function trials in chapter 5 were used to 
evaluate the population of F. necrophorum in the rumen. Rumen gDNA samples were 
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obtained from 0400 and 1600 h from each bull in each season and diluted to a constant 
concentration of 20 ng gDNA/ µl. In total, there were 32 rumen samples replicated 
twice, the addition of 6 of the standard dilution series (10
-2
, 10
-4
, 10
-6
, 10
-8
, 10
-10
, 10
-12
 
with each replicated 3 times, as well as 2 non-template controls (sdH2O), 2 positive 
template controls and 4 spare wells; therefore being 90 samples per QPCR assay. All 
plates were run as a single QPCR assay procedure with a semi-skirted 50 µl 96 well 
plate (Biorad Laboratories, Auckland, New Zealand) with  microseal ‘B’ film (Biorad 
Laboratories, Auckland, New Zealand). During sample addition, the 96 well plate was 
kept chilled with a chilled cooler block (Eppendorf, Germany).  On completion of 
sample addition, the plate was briefly spun down with a 96 well plate centrifuge (Labnet 
International, Woodbridge, New Jersey, USA). The assay was run as described using 
the protocols from section 7.2.3 (see appendix for the plate format).  
7.3.1 Verification of QPCR amplification 
Following from the QPCR analysis of the rumen samples, samples obtained from 0400 
and 1600 h from bull 1 in each season were used to verify the robustness of the QPCR 
assay. Using the same protocols as mentioned previously, the two rumen samples were 
then subjected to either the addition of 5 µl of sdH20 or 5 µl of the standard plasmid 
extracted DNA dilution series; each replicated three times. In addition to these samples,  
there were 6 of the standard plasmid dilution series (10
-2
, 10
-4
, 10
-6
, 10
-8
, 10
-10
, 10
-12
) 
each replicated 3 times, as well as 4 non-template controls, 4 positive template controls 
and 4 spare wells; therefore being 78 samples in total. The assay was run as a single 
QPCR assay procedure on a semi-skirted 50 µl 96 well plate, (Biorad Laboratories, 
Auckland, New Zealand) with a microseal ‘B’ film (Biorad Laboratories, Auckland, 
New Zealand). During sample addition, the 96 well plate was kept chilled with a chilled 
cooler block (Eppendorf, Germany).  On completion of sample addition, the plate was 
briefly spun down with a 96 well plate centrifuge (Labnet International, Woodbridge, 
New Jersey, USA). The assay was run as described using the protocols from section 
7.2.3 (see appendix for the plate format).  
7.3.2 Confirmation of extraction protocols 
Fresh portions of livers from bulls containing liver abscesses were collected from a 
slaughter facility and transported to the laboratory on ice for culturing. An incision was 
made through the capsule of abscesses with a pre-sterilised scalpel and a gamma 
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sterilised O- ring was inserted into the capsule and smeared onto 5% blood agar plates 
(5% defibrinated sheep’s blood and Wilkens Charlgren anaerobic agar (50 ml fresh 
defibrinated sheeps blood, 37 g Wilkens Charlgren anaerobic agar powder (Oxoid Ltd., 
Hampshire, United Kingdom (UK)) per litre (DSB-WCA)). In total four abscesses from 
3 bulls were used for culturing F. necrophorum. Plates were then immediately placed 
into an air tight jar containing an anaerobic sachet (anaeroGEN, Oxoid Ltd., Hampshire 
UK) with an anaerobic indicator (Oxoid Ltd., Hampshire, UK) then grown at 37
o
C 
overnight. From these DSB-WCA plates, individual colonies were identified and 
collected (based on their morphological characteristics) and re-cultured until a mono-
culture of the bacterial species identified was present on a single DSB-WCA plate. A 
single colony from each and was removed and grown in pre-reduced brain heart 
infusion (BHI) broth for a 10-12 hour period till an optical density of 0.6 was obtained 
through spectrometry.  
 
Purity of single cultures was ensured by streaking the broth culture onto pre reduced 
blood agar plate and grown under anaerobic conditions at 37
o
C for 24 h. Biochemical 
and morphological analysis was then performed on these cultures to determine the 
bacterial species present using the rapid-ANA biochemical analysis assay kit 
(Innovative Diagnostic Systems, Atlanta, GA) using the manufacturer’s instructions. 
Determination of the biovars  of F. n. necrophorum and F. n. funduliforme was then 
made based on the gram stain of the cultures and morphological analysis described by 
Nagaraja et al., (1999a). Following morphological characterisation, a single colony of 
F. n. necrophorum was then removed from the DSB-WCA plates and placed into pre-
reduced anaerobic BHI broth and left to grow for 14-16 h. From this broth culture, serial 
dilutions were made using pre-sterilised anaerobic BHI broth and colony forming unit 
(CFU) analysis were made. 2.5 millilitres of this initial broth culture was diluted 1/10 
times into a 25 ml of BHI broth, inverted and then 2.5 ml of this broth was placed into 
22.5 ml of BHI broth, this process was repeated 9 more times so to have a 10 times 
serial dilution series.  
 
From each of these dilution steps, 100 µl of broth culture was pippetted onto a DSB-
WCA agar plate, spread evenly using a hockey stick spreader and repeated twice more 
(3 DSB-WCA plates/dilution step). These plates were then placed into an air tight jar 
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with an anaerobic sachet and indicator and grown at 37
o
C for 24 h. After 24 h of 
growth, each of these plates were examined for individual colony units, each colony 
was counted for the sum of three plates per dilution step and averaged to give a single 
number of colonies per dilution step. Calculations were then made to determine the 
number of CFU/ml in each dilution step to calculate estimates of CFU/ml of broth 
culture. gDNA extraction, cloning and sequencing protocols were performed as 
described in Section 4.2.6. These were applied for determination of the species/sub-
species present in the liver abscesses and for comparison against internationally 
submitted gDNA sequences.  
 
Following verification of sequence data, 1 ml of the above broth culture from each 
dilution step was spun down at 10000 x g to pellet microbial cells. To this, 1 g of rumen 
contents or 1 ml of sdH2O was added and thoroughly vortexed to ensure bacterial cells 
had mixed into the rumen contents and sdH2O respectively. Bead beating gDNA 
extraction was then performed on these sub-samples using the conditions as stated 
previously. QPCR was then applied to these serial dilutions in either rumen contents or 
sdH2O samples using the methods as stated previously with each sample performed in 
duplicate (see appendix for the plate format). 
7.4 Results 
7.4.1 Quantitative polymerase chain reaction specificity  
Plate 7.1 shows the specificity of the rpoβ QPCR assay with only amplification from 
pure cultures of F. n. necrophorum (NTCC 10575), F. n. funduliforme (ATCC 51357) 
and New Zealand Liver abscess DNA producing a single band of 279 bp when run on a 
2% agarose gel. All other remaining type strain pure culture extracted gDNA showed no 
amplification and hence no band present when run on the agarose gel.  
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Plate 7.1. A 2% agarose gel of quantitative polymerase chain reaction assay using the 
rpoβ primer sets. Bands present show only the expected 279 bp band produced from 
rpoβ primer set from type strains derived from F. n. necrophorum (NTCC 10575; lane 
B), F. n. funduliforme (ATCC 51357; lane C) and New Zealand Liver abscess DNA 
(lane D), other lanes represent F. n. pseudonecrophorum (ATCC no. 51644; lane E), F. 
n. varium (NTCC no. 13176; lane F), F. n. equinium (ATCC no. 8501; Lane G), and 
negative control (sterilised de-ionised H2O; Lane H). Lane A: is a 1 kb DNA ladder.  
Using a range of F. necrophorum type strains and New Zealand wild type LA 
collection, the  PCR amplification and sequence data shows the specificity and band 
size of 279 bp indicating that there is specific amplification of the rpoβ gene extracted 
from these wild type F. necrophorum New Zealand cattle liver abscesses (Figure 7.1). 
From the abscesses and cultures collected, each single colony of F. n. necrophorum had 
the same sequence. Through cloning and sequencing these amplicons, Figure 7.1 shows 
the major similarities of the sequence from the New Zealand wild type strains of F. 
necrophorum compared to F. n. necrophorum (Narongwanichgarn et al., 2003); partial 
full length sequence of the  F. n. necrophorum (ATCC 25286) rpoβ sequence: 
AF527637) showing only 4 actual base pair differences throughout the 232 bp fragment 
(98%; not taking into account blank bp records at position 225 and 228) and matched 
exactly to the 232 bp sequences described by Aliyu et al., (2004) for both F. n. 
necrophorum (NCTC 10576) (AY519655.1) and F. n. funduliforme ATCC 51357 
(AY519656.1). Comparisons between the new Zealand derived strain of F. n. 
necrophorum (NTCC no. 10575), with liver abscess F. n. necrophorum (LA1F) show 
only a single bp difference (position 82) when compared against DNA of pure cultures 
   A        B       C        D       E        F       G        H 
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of F. n. necrophorum (KSUA1) and F. n. funduliforme (KSUB1) collected from Kansas 
State University, Department of Diagnostic Medicine/Pathobiology, College of 
Veterinary Medicine, Manhatten, Kansas, USA).  
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Figure 7.1. Sequence alignment of the rpoβ gene of Fusobacterium necrophorum funduliforme (ATCC 51357 (AY519656.1; (Narongwanichgarn et al., 
2003)), F. n. necrophorum ( NCTC 10576; AY519655.1; (Aliyu et al., 2004)), F. n. necrophorum, ( ATCC 25286 (AF 527637; (Narongwanichgarn et al., 
2003)), strains of F. n. necrophorum (KSUA1 ) and F. n. funduliforme (KSUB1) and New Zealand liver abscess strain (LA1F). Sequence dissimilarities are 
shown here by the consensus bar showing green and orange between individual sequences at positions 82, 94, 100, 101,225 and 228.  
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7.4.2 Analysis of samples 
The QPCR assay was only able to detect F. necrophorum in the rumen contents 
extracted from bull 1 in spring at 1600 h at low concentrations (estimated copy number 
of 4.2 ± 1.33 copies per reaction). In all other samples, no detectable concentrations of 
F. necrophorum were present (Table 7.1). Dilutions of the plasmid standard produced a 
linear standard curve with an R
2
 of 0.987 (y = -3.38x + 41.2) with an efficiency of 
97.5% (see appendix). Gel electrophoresis of the quantitative PCR products from the 
assay confirmed specific amplification of the 232 bp target sequence with no evidence 
of other bands present (see appendix).  
 
Table 7.1. Quantitative real time polymerase chain reaction (QPCR) analysis of 
selected samples from the rumen contents of 4 bulls at either 0400 or 1600 h in each of 
the four seasons; winter, spring summer and autumn. Threshold cycle (Ct) and 
estimated copy number based from plasmid extractions are shown. Undetected 
represents samples where no amplification was recorded during the QPCR assay. NTC 
and PTC represent negative template and positive template controls respectively.  
Season Bull and time Ct (± SEM) 
Estimated copy number  
(copies per reaction ± SEM) 
Winter Bull 1 0400 Undetected NA 
Winter Bull 2 0400 Undetected NA 
Winter Bull 3 0400 Undetected NA 
Winter Bull 4 0400 Undetected NA 
Winter Bull 1 1600 Undetected NA 
Winter Bull 2 1600 Undetected NA 
Winter Bull 3 1600 Undetected NA 
Winter Bull 4 1600 Undetected NA 
Spring Bull 1 0400 Undetected NA 
Spring Bull 2 0400 Undetected NA 
Spring Bull 3 0400 Undetected NA 
Spring Bull 4 0400 Undetected NA 
Spring Bull 1 1600 39.7 ± 0.48 5.2 ± 0.33 
Spring Bull 2 1600 Undetected NA 
Spring Bull 3 1600 Undetected NA 
Spring Bull 4 1600 Undetected NA 
Summer Bull 1 0400 Undetected NA 
Summer Bull 2 0400 Undetected NA 
Summer Bull 3 0400 Undetected NA 
Summer Bull 4 0400 Undetected NA 
Summer Bull 1 1600 Undetected NA 
Summer Bull 2 1600 Undetected NA 
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Summer Bull 3 1600 Undetected NA 
Summer Bull 4 1600 Undetected NA 
Autumn Bull 1 0400 Undetected NA 
Autumn Bull 2 0400 Undetected NA 
Autumn Bull 3 0400 Undetected NA 
Autumn Bull 4 0400 Undetected NA 
Autumn Bull 1 1600 Undetected NA 
Autumn Bull 2 1600 Undetected NA 
Autumn Bull 3 1600 Undetected NA 
Autumn Bull 4 1600 Undetected NA 
Standard 4.56E+08 11.3 ± 0.15 4.56E+08 
Standard 4.56E+06 18.7 ± 0.33 4.56E+06 
Standard 4.56E+04 26.0 ± 0.16 4.56E+04 
Standard 4.56E+02 33.5 ± 0.20 4.56E+02 
Standard 4.56E+00 37.1 ± 0.14 4.56E+00 
Standard 4.56E-01 Undetected NA 
NTC 
 
Undetected NA 
PTC  11.4 ± 0.21 4.29E+08 
 
7.4.3 Verification of QPCR amplification 
Figure 7.2 shows comparisons of the addition of the serial culture plasmid supernatant 
dilution series to rumen fluid in bull 1 at 400 and 1600 h in spring and summer or 
winter and autumn respectively and the corresponding Ct values. The addition of 
different standard plasmid dilutions (4.56E+04 and 4.56E+02) to rumen fluid amplified 
at similar Ct values but with a lower copy number as for normal standard samples (25.0 
± 0.13, 24.7 ± 0.18, 24.4 ± 0.10 for dilution step 4.56E+4 in winter, summer and 
standard solutions respectively (Figure 7.2; and see appendix). The addition of 
4.56E+00 standard solution to rumen fluid resulted in Ct values occurring 4-6 reactions 
later when compared to the same standard loaded without rumen fluid. Amplification 
was detected in spring samples from bull 1 at 1600 h with the addition of serial dilution 
4.56E-01 (Ct of 39.8 ± 0.23 with an estimated copy number 4.34 ± 0.78). 
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Figure 7.2. Serial log10 dilution values and cycle threshold (Ct ± SEM) of rumen fluid 
samples taken from bull 1 at 400 and 1600 h in spring and summer ( ) or winter and 
autumn ( ) respectively. Additional ( ) represent the standard plasmid dilution series. 
In both rumen fluid and pure plasmid standard, the addition of 4.56E-01 dilution series 
resulted in nil amplification. Samples from rumen contents without additional plasmid 
dilutions showed no amplification indicating immeasurable concentrations of F. 
necrophorum in the samples. Dilutions of the plasmid standard produced a linear 
standard curve with an r
2
 of 0.992 (y = -3.41x + 40.0) with an efficiency of 96.3% (see 
appendix). 
7.4.4 Confirmation of extraction protocols 
Figure 7.3 shows the Ct and estimated copy number values of serial diluted culture 
supernatant of F. necrophorum in either rumen contents or sdH2O. In the majority of 
serial dilution samples, those in rumen fluid had cycle threshold values later when 
compared to the dilutions of F. necrophorum in sdH2O. The F. necrophorum rpoβ gene 
fragment was unable to be detected at dilutions of 1.00E-10 in rumen fluid but was 
measured at cycle thresholds of 38.6 units with an estimated copy number of 2.0 ± 0.07 
in sdH2O (see appendix). Dilutions of the plasmid standard produced a linear standard 
curve with an r
2
 of 0.992 (y = -3.46x + 39.8) with an efficiency of 94.4% (see 
appendix). 
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Figure 7.3. Serial log10 dilution series and cycle threshold (Ct ± SEM) of cultured 
Fusobacterium necrophorum solutions in rumen fluid ( ) or sterilised deionised water   
( ). 
7.5 Discussion 
7.5.1 Sequence analysis 
Sequence analysis of Figure 7.1 shows a very high similarity of the New Zealand wild 
type liver abscess strain with those published internationally with only very minor 
basepair differences present amongst the sequences of interest. The New Zealand liver 
abscess matched 100% to the sequence published by Aliyu et al., (2004). The bacterial 
rpoβ gene is a highly conserved region of DNA which is the β subunit of the RNA 
polymerase gene and is used extensively to determine microbial species analysis 
through genomic techniques in a wide range of microbial species internationally.  The 
results of this trial confirm the relative conformity and conservation of this sequence 
showing only minor differences in spite of the potential variability in production 
systems and environments where these strains of F. necrophorum are encountered. 
Aliyu et al., (2004) and Narongwanichgam  et al., (2003) performed trials evaluating 
Lemierre’s syndrome in humans and sequence analysis mostly from livestock 
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necrobacillosis respectively. With only these minor differences present amongst the 
strains with a majority agreement, this shows the presence and similarity of New 
Zealand LA wild type F. necrophorum when compared to internationally referred 
strains. There are undoubtedly many strains and biovars of F. necrophorum in the 
rumen and abscesses of cattle internationally (Mateos et al., 1998), given the conserved 
nature of the rpoβ gene segment in microorganisms, the use of this partial sequence is of 
value to detect for the presence and population changes of F. necrophorum from 
samples removed from the rumen 
 
The importance of correct primer selection is vital to ensure accurate results are 
gathered when performing QPCR and it is important to test for primer specificity to 
ensure only target sequences are amplified. Blast search analysis using the primers 
constructed for this trial confirmed with Aliyu et al., (2004) that the primers matched 
only to the F. necrophorum partial rpoβ gene segment. Tichopad et al.,  (2009) 
mathematically evaluated a series of primers which produced sequences varying in 
length of construct and found that reactions with higher amplification efficiencies which 
come about because of well-performing primers, proceed with lower variability and are 
therefore better suited for measurement purposes when performing QPCR. This of 
course must be balanced with the risk of obtaining non-target amplification especially 
with longer constructs. 
7.5.2 Estimates of the population of F. necrophorum in the rumen  
From the protocols used above, a viable population of F. necrophorum existing in the 
rumen was only able to be detected in bull 1 in spring at the sampling time of 1600 h.  
This indicates that the population of F. necrophorum in the rumen contents of the bulls 
sampled is very low being outside the detection limit of this QPCR assay and may also 
allude to considerable individual animal rumen minor bacterial species variability. From 
the standards that were created using dilutions of liver abscess F. n. necrophorum 
gDNA into rumen fluid, the assay was able to measure the population of F. 
necrophorum in the rumen to low concentrations. It is of particular interest that F. 
necrophorum was detected in spring rumen contents. Even though it appears to be in 
relatively low concentrations, this does support the possibility that an increased 
population in the spring period where the bulls are consuming large quantities of high 
quality pasture as their sole diet source may be associated with the higher incidences 
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observed in spring and summer (chapter 3). The times of 0400 and 1600 h were chosen 
as to provide data on the expected times where bacterial rumen fermentation rates are at 
their highest especially at 1600 h which was 8 h after the bulls daily feed allocation. 
Attwood et al., (1998) was able to culture a hyper ammonia producing  bacterial species 
which had a 99.8% similar match to  F. necrophorum from dairy cows grazing high 
quality pasture. If F. necrophorum is a HAP species, the population would be expected 
to be at its highest in the rumen at around this time as plant proteins are broken down 
within the first 4-6 h after consumption.  
 
Aliyu et al., (2004) and Jensen et al., (2007) used genomic techniques to determine the 
population of F. necrophorum in the throat of humans using these primer sets which are 
a modification of primers used by Narongwanichgarn et al., (2003). Traditionally, 
populations of F. necrophorum in the rumen of animals consuming total mixed rations 
have been determined using culturing techniques; primarily the most probable number 
(MPN) method when grown in a modified lactate media (Tan et al., 1994a).  Using this 
method researchers have determined populations to be between 7 x 10
5
 and 3 to 7 x 
10
6
/g of rumen contents for cattle fed predominantly roughage or grain based diets 
respectively (Tan et al., 1994a; Coe et al., 1999). Previous culture based methods for 
anaerobic bacterial species in the rumen have predominantly relied on procedures such 
as the roll tube (Costa et al., 2008a) or most probable number techniques (Costa et al., 
2008b). These have been used extensively for estimations of the populations of a range 
of bacterial species present in the rumen including the cultivation of F. necrophorum 
(Tan et al., 1994a; Attwood et al., 1998). As modern techniques have been created and 
our knowledge of the rumen microbial ecosystem has expanded, there has been 
universal realisation that many of the species present are most likely un-culturable and 
our current knowledge of the species present is estimated at 10-50% of the number 
actually present (Shin et al., 2004). In this case, the use of QPCR was selected on the 
basis that the efficiency and accuracy of the method could be assessed with this trial 
design and the increased sensitivity was of value. The results obtained indicate the low 
copy number and population of F. necrophorum justify this approach. 
7.5.3 Determining real time polymerase chain reaction inhibition 
To confirm the nil amplification of the F. necrophorum rpoβ gene fragment in the 
majority of bulls was not just a product of inhibitors present in rumen fluid of the PCR 
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reaction; known concentrations of the plasmid serial dilution standard series were added 
to samples of extracted rumen fluid from the bulls (Figure 7.3; see appendix). Because 
amplification of the 4.56E+04 and 4.56E+02 standard plasmid dilutions in the presence 
of rumen fluid had very similar Ct values than both of these standards loaded separately 
without rumen fluid, it appears that there is very little inhibition of the rpoβ QPCR 
assay with these concentrations of F. necrophorum gDNA. However, with the addition 
of the 4.56E+00 and 4.56E-01, the estimated copy number and Ct values were 
considerably lower equating to an approximately 16 or 64 (given an approximate 4-6 
difference in the Ct values Figure 7.3; see appendix) fold difference in concentration 
measured (except bull 1 spring at 1600 h where F. necrophorum was detected in the 
original sample) in the presence of rumen fluid when compared to sdH2O. This does 
suggest partial inhibition of the efficiency of the QPCR reaction at these lower 
concentrations.  
 
The rumen is a very complex environment and rumen contents has been known to 
contain many substances which can interfere and decrease the efficiency of PCR assays 
(Connor et al., 2009). Traditionally the use of phenol/chloroform washes and the use of 
phase gel technology have limited the effect of contaminating compounds such as 
denatured proteins and humic acids. The use of QPCR for the determination of 
individual microbial species in the rumen is potentially a more accurate technique for 
understanding the population fluxes across different diets and environments. This is 
especially where the use of Taqman primer and probes are used such as in this study 
which will only detect the sequence of interest and eliminate potential non target 
amplification such as seen with SYBRgreen assays. Even though we did record lower 
copy number and Ct values with the low inserts of plasmid standard into rumen fluid, 
results from this trial confirmed sufficient amplification of the partial F. necrophorum 
rpoB sequence in the presence of rumen fluid down to 0.45 copy numbers per reaction 
in the presence of rumen fluid.  
 
7.5.4 Determining possible real time polymerase chain reaction 
inhibition due to extraction methodologies 
Upon verification that the rpoβ QPCR assay was not detecting F. necrophorum in the 
extracted rumen contents of each of the bulls except bull1 in spring at 1600 h and that 
 178 
 
inhibition was not an issue for amplification, full beadbeating extractions of cultured F. 
necrophorum with and without rumen fluid was conducted to ensure that the extraction 
protocols of beadbeating the rumen samples was not a limiting factor for amplification. 
Beadbeating methodology for gDNA extraction was able to determine concentrations of 
F. necrophorum in the rumen down to with an estimated copy number of 2.0 per 
reaction. Beadbeating of rumen contents for gDNA extraction has shown to be 
necessary to ensure as much as possible that a representative sample of the gDNA of 
bacterial species present in rumen contents is elucidated and provides a high quantity of 
high molecular weight un-contaminated gDNA (Whitford et al., 1998; Yu and 
Morrison, 2004; Yu and Forster, 2005; Balmes et al., 2009; Popova et al., 2010). It has 
been shown that only chemical lysis of rumen derived bacterial species can be limited 
due to  the structural integrity of the cellular membrane of many rumen bacterial species 
hence the necessity of a physical rupturing technique such as bead beating (Balmes et 
al., 2009). Issues of physically shearing gDNA sequences into segments too small for 
efficient amplification have been previously reported (Pereira and Armentano, 2000; 
Bürgmann et al., 2001) but it is generally accepted that the methods employed here are 
sufficient in that fragment size is not a limiting factor for PCR amplification and that 
there is sufficient cell lysis to ensure there is adequate and representative  microbial 
gDNA obtained for accurate analysis. 
 
7.5.5 Conclusions 
The results from these trials have shown that the partial sequence of the New Zealand 
wild type liver abscess DNA is an exact match to that described by Aliyu et al.,(2004) 
and is very similar than those published by other researchers in the field of F. 
necrophorum research.  QPCR analysis of rumen gDNA using previously published 
species specific primers did not detect F. necrophorum in the rumen with the exception 
of one bull in spring at 1600 h. The method adapted here from previously published 
research articles for use in rumen research has shown its potential use for determination 
for the presence of F. necrophorum in the rumen of cattle. It was apparent that the 
presence of rumen fluid did result in some inhibition of the assay when detecting low 
concentrations of the F. necrophorum rpoβ plasmid were used. However, the method 
was successful for detecting for the presence of F. necrophorum in the rumen and if 
data from these trials are extrapolated, it suggests that F. necrophorum exists in very 
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low populations of New Zealand intensively managed beef bulls. Further work is 
required to validate that the broader population also have a low population of F. 
necrophorum in the rumen. If this is demonstrated, it reflects on the aetiology of liver 
abscessation in New Zealand pasture based beef bulls as it suggests that the rumen 
population of F. necrophorum flux is not a primary cause. 
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8  CHAPTER 8. GENERAL DISCUSSION 
8.1 Introduction 
Liver abscessation has been a major animal health concern for feedlot cattle since the 
rise of grain rations after the Second World War. The association of liver abscessation 
with rumen dysfunction has been widely documented internationally, with rumen 
epithelial damage by SARA and subsequent bacterial escape from the rumen into the 
portal circulatory system the key nutritional factor in the aetiology (Nagaraja and 
Lechtenberg, 2007; Tadepalli et al., 2009). F. necrophorum has been identified as the 
key species causing liver abscesses due to the virulence conferred by leukotoxin 
production, which prevents phagocytosis and results in hepatocellular damage 
(Narayanan et al., 2002b). In the past decade, anecdotal reports from meat processing 
companies have suggested liver abscessation incidence has been increasing in New 
Zealand pasture based cattle, where historically rumen acidosis and associated 
pathologies including abscessation have not been considered features of this system. If 
the incidence was increasing, this was not easily explained by the existing aetiology 
centred on pH damage of rumen epithelium.   
 
Given this background information, the experiments described in this thesis were 
designed to establish the incidence of liver abscessation in New Zealand beef bulls on 
pasture, and investigate the principal bacterial and rumen function and structure features 
of affected and at-risk bulls. The series of experiments undertaken involved: the 
investigation of the incidence of liver abscessation in intensively managed pasture based 
beef bulls from the South Island of New Zealand (Chapter 3); identification of bacterial 
species present in liver abscesses of these bulls across the production season by both 
culture and genomic identification techniques (Chapter 4); establishing the 
characteristic rumen function parameters of these bulls in each season of the production 
cycle (Chapter 5); quantifying the rumen epithelial changes occurring between seasons 
of the production cycle in these bulls (Chapter 6); and measuring the population of F. 
necrophorum in the rumen of at risk beef bulls in each season of the production cycle 
(Chapter 7).  
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The major contribution and conclusions from this series of experiments are summarised 
below, and other research required to better understand the aetiology of liver 
abscessation in pasture based cattle in New Zealand production systems is identified 
and outlined. 
8.2 Major contributions of this thesis to the field of liver 
abscessation research 
This research is the first report of the incidence of liver abscessation in pasture based 
cattle internationally. Between 2000 and 2005, the mean incidence of liver abscessation 
in the sample of approximately 150 000 slaughtered beef bulls from the South Island of 
New Zealand was 9.5% (Table 3.1). There was variation in incidence between seasons, 
with a peak in November - January then a decline as the season progressed (Table 3.2). 
This rise in incidence across late spring and early summer months has been previously 
reported internationally in lot fed cattle (Schroeder et al., 2003), which is perhaps 
surprising because of the significant differences in feeding management between the 
systems. However, in both systems this increase in incidence in the summer months 
may be associated with increases in DMI, although in pasture based beef bulls, there is 
an additional variation in the feed quality (Waghorn and Clark, 2004; Machado et al., 
2005) with the resumption of pasture growth in the spring typically increasing the feed 
quality (Table 5.1).  
 
F. necrophorum has long been recognised as the primary pathogenic bacterial species 
involved in liver abscessation in feedlot environments (Nagaraja et al., 2005; Nagaraja 
and Lechtenberg, 2007; Tadepalli et al., 2009). Of the total number of liver abscesses 
assessed in this study, F. necrophorum was found to be present in all cases. In only 
three of the samples, other anaerobic facultative pathogenic species of bacteria were 
present, namely Provetella and Porphromanas species as well as a third which was 
unable to be identified. Both of these species of bacteria are considered to be very 
common facultative pathogens to livestock ((Lechtenburg et al., 1988; Nagaraja and 
Lechtenberg, 2007)). In this study, 66% of the abscesses recorded were graded as 
having at least one abscess larger than 4 cm in diameter. This may too relate to the 
pathogenicity of the New Zealand strain of F. necrophorum, because even though there 
are some discrepancies between the grading system used here and that associated with 
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feed lots, the proportion of abscesses graded as severe (66%) is greater than that 
historically recorded as A+ (33-53%; Table 2.2).  However, this research has clearly 
demonstrated that the principal bacteria involved in liver abscessation of pasture based 
beef bulls is the same sub-species as has been demonstrated to be the cause in feedlot 
cattle internationally, and therefore that component of the aetiology of the disease is 
common.  
 
The variation in seasonal incidence, with a late spring/ summer peak, suggests that the 
relatively sudden transition from a restricted winter maintenance feeding to effectively 
an ad lib DMI in spring, may be a risk factor for abscessation in beef bulls. This would 
appear to be especially true of those slaughtered at 26-30 moa (September to December 
slaughter), the livestock class that is most commonly managed by significant feed 
restriction in winter and rapid LWG in spring. This suggests the possibility that during 
this sudden transition phase, rumen changes increase the escape of bacteria to the portal 
circulatory system, a noted feature in TMR fed cattle (Tadepalli et al., 2009). As a 
consequence, the rumen function of these beef bulls in each season was investigated to 
assess what rumen physiology and epithelial changes may be occurring, in order to 
delineate more carefully the aetiology of abscessation in these pasture based bulls. 
 
While the unusually high incidence for pasture based bulls indicates there are clearly 
factors in this production system precipitating abscessation, there was no evidence of 
rumen physiological dysfunction in the research of this thesis, or in similar rumen pH 
and function research conducted in other high production, New Zealand pasture based 
cattle. Rumenitis-liver abscess complex is accepted as the key driver of liver 
abscessation in feedlot cattle (Tadepalli et al., 2009), and the rumen function features 
associated with liver abscessation are well described (Scanlan and Hathcock, 1983; 
Nagaraja and Lechtenberg, 2007; Nagaraja and Titgemeyer, 2007; Tadepalli et al., 
2009). However, in this current work, rumen function in these high production animals 
was comprehensively assessed across four seasons, simulating a typical intensive bull 
beef production system, and no evidence of SARA was observed. However, there were 
significant observed differences in rumen physiology and function between these 
pasture based bulls compared with the literature of similar assessments of lot fed cattle.  
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Sharp seasonal variation in rumen metabolite concentrations were one notable 
difference. The typical concentration of rumen SCVFA and ammonia in pasture based 
cattle appears greater (15.3 and 23.4%, respectively) than that reported for TMR fed 
cattle (Table 5.19). In this work, the concentration of SCVFA in rumen fluid was also 
highest in summer which was 62.2% greater than recorded in winter (Table 5.3; 
P<0.05). There were also marked increases in the proportion of propionic and butyric 
acid of total SCVFA observed between winter and spring (Table 5.4; P<0.05).  Despite 
this, in spring, where the greatest increase in feed quality and DMI was affected, rumen 
pH was above 5.8 units for 99% of a 24 hour period (Table 5.8). This indicates that 
potential conditions of SARA (Owens et al., 1998; Oetzel, 2003; Nagaraja and 
Titgemeyer, 2007) in the rumen in spring were effectively absent. In addition, reports of 
rumen function of cattle fed high quality pasture have demonstrated extended periods of 
the day with rumen pH values of at or below this threshold of 5.8 pH units, repeatedly, 
and with no clinical, microbiological or physiological evidence of rumen dysfunction 
(Kolver, 1998; Hristov and Ropp, 2003; Gibbs and Laporte-Uribe, 2007).  
 
When considered with the data gathered from this trial, this suggests that it is unlikely 
that acidotic impacts on rumen epithelium are a feature of the pasture based beef bulls 
of this study, as they clearly are in TMR fed cattle (Nagaraja and Titgemeyer, 2007). 
The reason for this is not clear at present, but given that pasture diets with their 
limitations to high DMI, deliver lower digestible energy to the rumen compared with 
TMR rations, the generally higher SCVFA concentrations are notable, suggesting 
accumulation of SCVFA rather than greater total production per se. Storm et al., (1992) 
reported reduced SCVFA uptake as a result of declining rumen epithelial blood flow in 
the presence of high rumen degradable nitrogen, and this is typically a feature of spring 
and summer ryegrass in New Zealand (Table 5.9). Sun and Gibbs (2003) also reported a 
poor relationship between rumen pH and SCVFA concentration in pasture based dairy 
cows, noting that for similar SCVFA concentrations there could be large pH shifts 
across the day, suggesting that there were unidentified rumen buffers  present in the 
rumen contents. In addition, there are no pasture based studies demonstrating any 
significant rumen lactic acid concentrations, while several report undetectably low 
levels (Kolver, 1998; Hristov and Ropp, 2003; Gibbs and Laporte-Uribe, 2007) which is 
similar to the results from this study (Table 5.3). It may be that the rumen SCVFA 
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production of these high quality pasture systems, with apparently reduced lactic acid 
presence, has less impact on the rumen epithelium than that of TMR rations.  
 
The osmolarity of rumen fluid did rise markedly between winter and spring (23.3%; 
Table 5.5; P <0.05) and this is one area which needs further investigation to understand 
this effect on potential rumen epithelium absorption due to a potential high osmolarity 
gradient between rumen fluid and that of the portal circulatory system. An increase in 
osmolarity of rumen fluid is most often attributed to increases in the concentration of 
SCVFA and minerals in rumen contents (Avila et al., 2000). In this study mean 
osmolality peaked at 327 mOsmol/l (data not shown) and had a mean of 296 mOsmol/l 
in spring; Table 5.5). This may indicate that for short periods of time, there is potential 
for a hyper osmolarity environment to occur in the cattle during spring. Depending on 
the time required for blood osmolarity to change to equilibrium, there may be 
opportunity for an increased gradient to occur between osmolality of the rumen contents 
and that of the blood portal circulatory system. In these scenarios, there is a rapid influx 
of water through the ruminal wall as a result (Murphy et al., 1982; Murphy et al., 1985; 
Owens et al., 1998) which may potentially cause degradation of the epithelial tissue 
allowing for micro-abscessation and the escape of micro-organisms through into the 
portal circulatory system. However, it is acknowledged that the histology and 
ultrastructure analysis of the bulls used in this study did not show any adverse rumen 
epithelial changes. 
 
It is reported that in animals fed grain concentrates and where minor quantities of lactic 
acid is present, that this is an optimum growth and fermentation environment for F. 
necrophorum (Tan et al., 1994a; Nagaraja and Lechtenberg, 2007) as F. necrophorum 
utilises lactic acid to produce propionic acid (Nagaraja and Chengappa, 1998). Under 
these conditions, F. necrophorum has been identified in concentrations as high as 7 x 
10
6
 with the increased population in cattle fed a high grain diet  probably in response to 
increased lactic acid concentration within the rumen (Nagaraja et al., 1996a). However, 
at lower pH environments where acute acidotic conditions have occurred, with higher 
concentrations of lactic acid in the rumen, F. necrophorum has not been detected in 
rumen contents (Coe et al., 1999), nor in continuous cultures (Russell, 2006) when 
using culture based methods of population determination. Though any relationship 
 185 
 
between F. necrophorum concentration in the rumen and liver abscess incidence has not 
been formally established, it would be logical to assume that a higher concentration of 
F. necrophorum in the rumen under grain fed conditions would increase the chance for 
the bacterium to enter the portal circulatory system (Coe et al., 1999). In TMR feeding 
scenarios, where animals are offered increased DMI during their ‘finishing’ phase, there 
is the opportunity for SARA to occur in the rumen along with an increased production 
of bacterial fermentation metabolites (Oetzel, 2003; Nagaraja and Titgemeyer, 2007). 
Both of these features may combine and contribute to increased liver abscessation 
incidence as a result of SARA conditions in the rumen and an increased production and 
concentration of rumen fermentation metabolites which flow into the portal circulatory 
system and may stress optimal liver function. Under these situations, the liver of these 
high production cattle may be compromised and more susceptible to infection as a result 
of the increased microbial flow from the rumen epithelium and reduced ability of the 
animal to mount an effective immune response. 
 
In TMR feeding scenarios, Holstein Friesian animals have been noted as considerably 
more susceptible to liver abscessation than their other breed counterparts (Schroeder et 
al., 2003) and indeed this is the case in this study with Friesian and dairy cross bulls 
having an incidence rate twice that of their beef breed cohorts (Table 3.9 and 3.10; 
P<0.05).  Reasons for this increase are most often attributed to the increased days on 
feed to slaughter for Holstein Friesians to reach LW targets, due to their larger frame 
size (Schroeder et al., 2003), and the higher DMI achieved during their rearing phase 
(Hicks et al., 1990). However, as these factors also increase the liver activity, it may be 
that the breed also has an innate susceptibility to liver colonisation by F. necrophorum 
for reasons of immunology or physiology that are not yet described. Given that 
Holstein- Friesian animals are the dominant dairy beef bull genotype in New Zealand 
agricultural production systems, this breed predilection may in part explain the 
relatively high mean incidence reported in this study and elsewhere. 
 
There were major changes during the transitional phase between winter and spring diets 
in rumen papillae epithelial cellular structure (Table 6.1). This was particularly evident 
in epithelial tissue depth in spring being 25% narrower than winter (Table 6.1; P<0.05), 
and occurs presumably as an adaptation strategy to increase the absorptive capacity of 
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rumen fermentation metabolites (Bannink et al., 2005; Bannink et al., 2008) in spring 
where there was a 43% increase in SCVFA concentration compared to winter. Given 
there was less epithelial tissue depth and apparent major physiological adaptation to the 
increase in feed intake of higher quality pasture, there was no evidence of parakeratosis 
or rumenitis as a result of SARA in these bulls across the production season (Chapter 
6). The adaptive capacity of the rumen epithelia in response to major changes and 
increases in feed quality have been widely reported under TMR diets (Bannink et al., 
2005; Penner et al., 2006; Bannink et al., 2008; Aschenbach et al., 2011; Steele et al., 
2011) which generally show extensive capacity to acclimatize to major changes in feed 
quality.  
 
Both Bannink et al., (2005) and Steele et al., (2011) reported that SARA conditions in 
the rumen imposed by a sudden feed change were alleviated within the first and second 
week post change respectively. There was no evidence of rumenitis or SARA conditions 
in the rumen of these bulls three weeks post transition to the spring diet, however, as 
measurements were not conducted during the transition period, the presence of rumen 
pH reductions or epithelial impacts cannot be excluded and hence further work into this 
area of research is required. The significantly reduced rumen epithelial depth in spring, 
however, did coincide with the significantly increased rumen osmolarity. It may be that 
the potential for ‘leaking’ of rumen microbes from the rumen into the portal circulatory 
system may have been enhanced as a result of this confluence, and further research is 
also required in this area. There were also clearly substantial changes to the surface 
colonisation of rumen epithelium observed in this study (Section 6.3.3), and it is not 
understood at present what role such attachment may have in F.necrophorum 
population dynamics.  
 
Using QPCR protocols to amplify a segment of the F. necrophorum rpoβ gene, we were 
able to determine that the rpoβ gene of F. necrophorum removed from liver abscesses 
of New Zealand bulls is at least a 99% match to those reported internationally (Figure 
7.1) (Narongwanichgarn et al., 2003) and were only able to detect very low 
concentrations of viable populations of F. necrophorum in the rumen contents of the 
bulls across a production season in only one season at one time point; otherwise we 
were unable to detect F. necrophorum in the rumen. Using a series of dilutions of a pure 
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F. necrophorum plasmid standard we were able to determine accuracy of the method to 
very low concentrations which indicated that the method is of merit and should be able 
to detect populations of F. necrophorum in the rumen down to low concentrations. With 
this evidence of nil detection of F. necrophorum in the rumen of three of the bulls 
across the entire production season and in the face of rumen function conditions which 
do not support the theorised sub-acute ruminal acidosis- liver abscessation complex; 
There is mounting evidence that the causative factors of liver abscessation under these 
pastoral conditions is intimately different to that seen in cattle fed TMR diets. With no 
evidence of a diet transition favouring the growth of F. necrophorum in the rumen, it 
appears that rather than animals suffering from episodes of ruminal dysfunction, the 
results of these series of trials indicate that there are fast and adaptive series of 
structured physiological adaptations which occur in the metabolism and structural 
integrity of the rumen papillae in response to the fast transitional phase between winter 
and spring diets. As a consequence, this in turn may allow for passive migration of 
ruminal bacteria into the portal circulatory system.  
 
There is some evidence that individual animals innately have a higher or lower 
susceptibility to suffering from conditions which support rumen acidosis as a function 
of an individual’s ability to respond to an increased SCVFA load. Penner et al., (2009) 
provided evidence that differences in the absorptive capacity of the ruminal epithelia 
may account for a large proportion of the variation in ruminal pH among individual 
animals. Using sheep rumen epithelium samples in vitro the authors demonstrated that 
sheep with an enhanced absorptive capacity for SCVFA also had a higher rumen pH 
pre-slaughter. In this study, four bulls were used and at the time of slaughter, no 
abscessation was evident upon the removed livers. There is some opportunity that these 
four bulls may have been ‘responders’ in that they had an ability to maintain a stabilised 
rumen pH environment and may be un-representative of their industry cohorts and 
therefore some care must be taken to extrapolate this data to a wider industry level. 
Further to this, it is widely documented that individual animals have specific rumen 
microbiota profiles (Li et al., 2009; Hernandez-Sanabria et al., 2010; Palmonari et al., 
2010) and thus perhaps the population of F. necrophorum in these particular bulls was 
lower than that may be anticipated and thus the results of this study should prompt 
further work with larger sample numbers from across the industry sectors and regions.  
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8.3 Conclusions   
The objective of this series of trials was to identify the incidence of liver abscessation in 
pasture based beef bulls of New Zealand, and identify any rumen  associated factors that 
would establish the similarity of aetiology of abscessation for cattle in this system 
compared with lot fed cattle, for which the aetiology is well described. This observed 
incidence in this study demonstrates the disease is clearly of considerable concern to the 
bull beef production systems, but also the wider New Zealand beef industry. This thesis 
has also investigated a number of relevant areas to elucidate any differences in aetiology 
of liver abscessation under the pasture based New Zealand systems. Liver abscessation 
of beef bulls in the New Zealand does not appear to be a function of typical SARA 
conditions that pre-dispose lot fed cattle to liver abscessation, suggesting there may be 
other factors involved under grazing conditions, particularly during the transition phase 
from a winter to a spring diet.  
 
There are a number of key differences of rumen function when compared to animals of 
TMR diets, which may be involved in the aetiology of abscessation in these bulls, rather 
than acidotic impacts that are observed in lot fed cattle. The production and 
concentration of SCVFA and ammonia is significantly higher than that which is 
generally recorded internationally. There appears to be no evidence of SARA conditions 
in the rumen post transition and yet the incidence of liver abscessation is relatively high 
(9.5%: Table 3.1), and the incidence appears to be greater in those older cattle which are 
predominantly slaughtered during the late spring and summer months. There are a series 
of structural adaptations which occur to the rumen papillae at these times of increased 
production and concentration of SCVFA, particularly in those older bulls which are 
transitioned most sharply from a winter to a spring diet.  There were no significant 
population changes in F. necrophorum observed between seasons in this study (Table 
7.1). 
 
This research work has also identified necessary areas of further research effort required 
to better understand the role of rumen function and the population of F. necrophorum in 
the rumen of cattle under these intensive pastoral systems of production. These are 
outlined below. 
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8.4 Further research  
8.4.1 Rumen function around transition period 
Further research using scanning and transmission electron microscopy of rumen 
epithelial structure would improve the understanding of the potential role of tight 
junctions in microbial escape from the rumen to the portal circulatory system. This 
work would be particularly pertinent during the initial transition phase of seven days 
after diet shifts occurred.  Recent studies from Steele et al., (2011) have shown that 
using a fast transition period to deliberately induce SARA, under TMR systems, the 
structural integrity of the rumen is compromised within the first five days post transition 
and then appears to spontaneously adjust. While the very different diets of New Zealand 
beef bulls would seem to suggest similar changes are unlikely, there may be the 
opportunity for this to occur under the sudden transitional process of New Zealand beef 
producers where bulls are offered unlimited intakes of high quality pasture in the spring 
after a stringent feeding restriction period during the winter.  
8.4.2 Changes in rumen osmolarity 
Abdoun et al., (1989) reported considerable differences in the relationship of diet 
quality, ammonia concentration and sodium transport across the rumen epithelium. 
They showed that in forage fed sheep, an increase in the concentration of ammonia in 
the rumen decreased the transport mechanism of Na
+
 across the rumen epithelium. In 
contrast, when sheep were offered a high concentrate diet, increased ammonia 
concentrations stimulated the Na
+
 transport across the epithelium. They concluded that 
because ruminal ammonia concentrations up to 40 mmol/L have been observed in vivo, 
an ammonia-dependent enhanced Na
+
 absorption would prevent or reduce an increase 
of osmotic pressure in the ruminal fluid after a meal. Using in vitro techniques 
Schweigel et al., (1978) were able to induce impaired epithelial barrier function through 
creating a hyperosmolarity environment (350-450 mOsmol/L) in the rumen epithelium 
tissue of sheep. Typically, however, hypertonic ruminal fluid increases water influx into 
the rumen (Murphy et al., 1985), decreases salivary flow (Gregorini et al., 2008), food 
intake (Reis and Combs, 2000) and short-chain fatty acids absorption (Bennink et al., 
1978), which would be clinically evident to most production systems. There is a 
requirement for further research into the potential osmolality gradient of the rumen pool 
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and blood portal circulatory system across a change in pasture diet intakes, to better 
assess any contribution of this factor to microbial escape from the rumen.     
8.4.3 Holstein Friesian Susceptibility to Abscessation 
The results from this study agreed with those reported internationally that Friesian 
animals have a near two fold higher incidence than other breeds of cattle. Whether or 
not that they are on feed for a longer period of time or due to their larger frame size that 
they consume more feed can account for a two fold increase in incidence requires 
further study, and the available anecdotal data here in New Zealand does not seem to 
support this breed in longer feeding compared with other breeds in this system. There is 
opportunity to study the epidemiological or genetic selection factors which may 
predispose this breed to a higher susceptibility in New Zealand, given the generally 
good records available in the dairy sector. There is wide use of artificial insemination 
across the New Zealand dairy industry, and the majority of bulls for intensive 
production systems come from this dairy stock. There may be lines of individual bulls 
which have a greater predisposition to abscessation, perhaps due to rumen factors, or 
due to immunological or physiological features that are not described at present.  
8.4.4 Regional variability of incidence 
The regional variability of liver abscessation incidence has previously been reported 
with animals coming from certain operators pre-feedlot feeding conditions often having 
higher liver abscessation incidence than their counterparts (Hale, 1985). This study also 
observed a marked regional variability in that those areas of higher animal performance 
and productivity had a higher incidence of liver abscessation. Anecdotally, meat 
processors have also reported that some individual farms have increased incidence and 
that when animals are sent to slaughter, it can be expected that the production chain to 
be slower as function of the increased time in dealing with carcasses from some 
operations. Clearly, this is anecdotal evidence and it may be that increased farm 
performance, an increased susceptibility due to breed selection intensity differences, or 
transient infection of very virulent strains of F. necrophorum to animals on individual 
properties that explains the findings.  
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27 APPENDICES. 
27.1 Lincoln University animal ethics committee standard 
operating procedures for rumen fistula surgery and 
cannula insertion  
 
This protocol describes the materials and methods for rumen fistulation and cannulation 
of cattle (Hecker, 1974) as approved by the Lincoln University Animal Ethics 
Committee Standard Operating Procedure Number- 78.  
Required materials:  
Drugs for sedation and local anaesthesia  
100 mg/ml xylazine hydrochloride  
100 mg/ml lignocaine hydrochloride  
Analgesic  
20 mg/ml meloxicam  
Antibiotics  
600,000 i.u. procaine penicillin,  
600,000 i.u. benzathine penicillin 
1500 mg dihydrostreptomycin (Penstrep, Bomac Laboratories Ltd, Wiri Station Road, 
Manakau City, Auckland, NZ)  
Disinfectants  
chlorhexidine/cetrimide/alcohol (15 mg/ml chlorhexidine gluconate, 150 mg/ml cetrimide, 
40 ml/L isopropyl alcohol: Hibicet - Pharmaceuticals, a division of ICI Australian 
Operations Pty Ltd)  
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Surgical equipment (sterile)  
Item     size    amount  
surgical rubber gloves    8.5    2 pairs  
cap, gown  
surgical drape with hole   193 x 145 cm   1  
surgical drape     152 x 112 cm   1  
drape clips     8cm    4  
cotton gauze swabs    7.5 x 7.5cm   pack  
scalpel handle     no. 4    1  
scalpel blade     no. 23    1  
scissors blunt, curved    12 cm    1  
scissors sharp     12 cm    1  
straight artery forceps    14 cm   1  
curved artery forceps    12 cm   3  
Allis forceps     14 cm   4  
rat tooth forceps    14 cm   1  
needle holder     17 cm    1  
Cutting needle, half curved, triangular nr. 6    2  
Round-bodied needle, curved  nr.  6    1  
suture, catgut metric 5, (Ethicon Inc)    1  
suture, Supramid nylon metric 5     1  
syringe     10 ml    2  
syringe     5 ml    2  
hypodermic needles    20 G x 25 mm   2  
Cannula insertion 
 
Plate 27.1. An example of a #2C rumen cannula to be used for rumen fistulation, (Bar 
Diamond Lane, Parma, Idaho, United States of America). 
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Surgical procedure  
Pre-operative  
Fast animals for 24 h and remove water 12 h before surgery. Clip neck.  
Surgery  
Give sedative xyalazine at 25mg i.m. (450 kg live weight) and wait 20 minutes for effect. 
Clip and shave the left paralumbar fossa and trace the internal diameter of the cannula onto 
the surgical site, then scrub the site with disinfectant (chlorhexidine/ cetrimide/alcohol), and 
rinse with ethyl alcohol. Inject 100 ml lignocaine around the trace, depositing 
approximately half under the skin and the remainder into the muscle below. Repeat surgical 
scrub.  After 15 minutes, make a circular incision in skin following the trace, and remove 
the skin. Make a vertical incision through all muscle layers from the most dorsal to most 
ventral points of the skin incision, and incise the peritoneum. Inject 50 ml Penstrep directly 
into the peritoneal cavity. Locate the rumen and hold firmly with Allis forceps, and pull out 
10 cm through the incision site. Use the catgut and round bodied needle to secure the rumen 
to the muscle layers by continuous sutures in each of four quarters of the incision. Leaving 
2.5 cm of rumen wall; cut a circular incision in the extruded rumen and discard the detached 
rumen wall. Using the nylon suture and cutting needle, suture the rumen wall to the skin 
edge with a series of individual mattress sutures. Insert the #2C (Plate 27.1) cannula into 
the fistula.  
Post-surgery  
Inject meloxicam (250 mg) i.m. once only immediately after surgery. Administer antibiotic 
(Penstrep) i.m. immediately post-surgery and daily for another two days. Place animal in a 
sheltered paddock with pasture and water, monitor closely for 24 h for signs of distress. 
Monitor surgical site for infection or breakdown of sutures for the seven days. After a seven 
day period, remove the #2C canula from the fistula, clean and remove any remaining 
surture material. Insert a #1C canula (Plate 27.2) into the fistula and monitor closely for 48 
h.  
 
Plate 27.2. An example of a #1C rumen cannula to be used for rumen fistulation, (Bar 
Diamond Lane, Parma, Idaho, United States of America). 
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27.2 Plate formats, data, reaction cycles and standard curves for quantitative PCR assays 
All four bulls across all seasons at 0400 and 1600 h 
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Figure 27.1. Plate format for the analysis of samples QPCR assay utilising samples all four bulls across all seasons at 0400 and 1600 h. Standard dilution 
series of samples are represented in cells from G1 through to H6. NTC and PTC relate to non-template control and positive template controls respectively. 
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Table 27.1. Quantitative real time polymerase chain reaction (QPCR) analysis of selected samples 
from the rumen contents of 4 bulls at either 0400 or 1600 h in each of the four seasons; winter, spring 
summer and autumn. Threshold cycle (Ct) and estimated copy number based from plasmid extractions 
are shown. Undetected represents samples where no amplification was recorded during the QPCR 
assay. NTC and PTC represent negative template and positive template controls respectively.  
Season Bull and time Ct (± SEM) 
Estimated copy number  
(copies per reaction ± SEM) 
Winter Bull 1 0400 Undetected NA 
Winter Bull 2 0400 Undetected NA 
Winter Bull 3 0400 Undetected NA 
Winter Bull 4 0400 Undetected NA 
Winter Bull 1 1600 Undetected NA 
Winter Bull 2 1600 Undetected NA 
Winter Bull 3 1600 Undetected NA 
Winter Bull 4 1600 Undetected NA 
Spring Bull 1 0400 Undetected NA 
Spring Bull 2 0400 Undetected NA 
Spring Bull 3 0400 Undetected NA 
Spring Bull 4 0400 Undetected NA 
Spring Bull 1 1600 39.7 ± 0.48 5.2 ± 0.33 
Spring Bull 2 1600 Undetected NA 
Spring Bull 3 1600 Undetected NA 
Spring Bull 4 1600 Undetected NA 
Summer Bull 1 0400 Undetected NA 
Summer Bull 2 0400 Undetected NA 
Summer Bull 3 0400 Undetected NA 
Summer Bull 4 0400 Undetected NA 
Summer Bull 1 1600 Undetected NA 
Summer Bull 2 1600 Undetected NA 
Summer Bull 3 1600 Undetected NA 
Summer Bull 4 1600 Undetected NA 
Autumn Bull 1 0400 Undetected NA 
Autumn Bull 2 0400 Undetected NA 
Autumn Bull 3 0400 Undetected NA 
Autumn Bull 4 0400 Undetected NA 
Autumn Bull 1 1600 Undetected NA 
Autumn Bull 2 1600 Undetected NA 
Autumn Bull 3 1600 Undetected NA 
Autumn Bull 4 1600 Undetected NA 
Standard 4.56E+08 11.3 ± 0.15 4.56E+08 
Standard 4.56E+06 18.7 ± 0.33 4.56E+06 
Standard 4.56E+04 26.0 ± 0.16 4.56E+04 
Standard 4.56E+02 33.5 ± 0.20 4.56E+02 
Standard 4.56E+00 37.1 ± 0.14 4.56E+00 
Standard 4.56E-01 Undetected NA 
NTC 
 
Undetected NA 
PTC  11.4 ± 0.21 4.29E+08 
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Plate 27.3. Cycle threshold figure of the quantitative polymerase chain reaction assay for the sample analysis reaction. 
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Plate 27.4. The standard curve produced from the diluted plasmid containing the RPOb gene fragment specific to Fusobacterium necrophorum 
when analysed for the assay performed for sample analysis reaction.  
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Sample spiking assay 
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Figure 27.2. Plate format for the analysis of spiked samples QPCR assay utilising samples from  bull 1 across all seasons at 0400 and 1600 h. Standard 
dilution series of samples are represented in cells from F1 through to G6. NTC and PTC relate to non-template control and positive template controls 
respectively.
 220 
 
Table 27.2. Mean quantitative real time polymerase chain reaction analysis (cycle threshold 
(Ct ± SEM and estimated copy number (copies per reaction ± SEM) of selected samples from 
the rumen contents of bull 1 at either 0400 or 1600 h in each of the four seasons; winter, 
spring summer and autumn and these same samples to which the plasmids standard dilutions 
was also added. Threshold cycle (Ct) and estimated copy number based from plasmid 
extractions are shown. Undetected represents samples where no amplification was recorded 
during the QPCR assay. NTC and PTC represent negative template and positive template 
controls respectively. 
 
Season Bull and time Ct (± SEM) 
Estimated copy number 
copies per reaction ± SEM) 
Spring Bull 1 0400 Undetected NA 
Winter Bull 1 1600 Undetected NA 
Spring Bull 1 1600 38.7 ± 0.78 4.9 ± 0.54 
Summer Bull 1 0400 Undetected NA 
Autumn Bull 1 0400 Undetected NA 
Summer Bull 1 1600 Undetected NA 
Autumn Bull 1 1600 Undetected NA 
Winter Bull 1 0400 plus 4.56E+04 25.0 ± 0.13 2.56E+04 ± 2.24E+03 
Spring Bull 1 0400 plus 4.56E+02 31.5 ±  1.10 3.03E+02 ± 2.13E+01 
Winter Bull 1 1600 plus 4.56E+00 40.2 ± 0.03 0.61 ± 0.09 
Spring Bull 1 1600 plus 4.56E-01 39.8± 0.23 4.34 ± 0.78 
Summer Bull 1 0400 plus 4.56E+04 24.7 ± 0.18 3.16E+04 ±  3.78E+03 
Autumn Bull 1 0400 plus 4.56E+02 32 ± 0.22 2.19E+02 ± 3.15E+01 
Summer Bull 1 1600 plus 4.56E+00 41.8 ± 0.45 0.22 ± 0.023 
Autumn Bull 1 1600 plus 4.56E-01 Undetected NA 
Standard 4.56E+08 10.1 ± 0.14 4.56E+08 
Standard 4.56E+06 17.2 ± 0.05 4.56E+06 
Standard 4.56E+04 24.4 ± 0.10 4.56E+04 
Standard 4.56E+02 32.1 ± 0.12 4.56E+02 
Standard 4.56E+00 36.3 ± 0.004 4.56E+00 
Standard 4.56E-01 Undetected NA 
NTC 
 
Undetected NA 
PTC 
 
11.2 ± 0.21 4.29E+08 
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Plate 27.5. Cycle threshold figure of the quantitative polymerase chain reaction assay for the spiked sample assay. 
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Plate 27.6. The standard curve produced from the diluted plasmid containing the RPOb gene fragment specific to Fusobacterium necrophorum 
when analysed for the assay performed for sample spiked analysis. 
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Dilutions of culture into rumen fluid or sterilised deionised water assay 
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Figure 27.3. Plate format for the analysis of culture or sdH2O samples QPCR assay utilising samples from bull 1. Standard dilution series of samples are 
represented in cells from F1 through to G6. NTC and PTC relate to non-template control and positive template controls respectively. 
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Table 27.3. Mean quantitative real time polymerase chain reaction (QPCR) analysis (cycle 
threshold (Ct ± SEM and estimated copy number (copies per reaction ± SEM) of selected 
samples in either rumen fluid or sterilised deionised water (sdH2O) with the addition of serial 
dilutions of a Fusobacterium necrophorum culture. Threshold cycle (Ct) and estimated copy 
number based from plasmid extractions are shown. Undetected represents samples where no 
amplification was recorded during the QPCR assay. NTC and PTC represent negative 
template and positive template controls respectively.  
 
Sample Dilution Ct (± SEM) 
Estimated copy number  
(copies per reaction ± SEM) 
Rumen fluid plus dilutions 
Pure 20.7 ± 0.11 3.22E+05 ± 2.42E+04 
1.00E-01 25.6 ± 0.4 1.33E+04 ± 3.33E+03 
1.00E-02 27.1 ± 0.01 4.64E+03 ± 2.94E+01 
1.00E-03 31.5 ± 0.01 250 ± 1.4 
1.00E-04 33.6 ± 0.10 61.9 ± 4.28 
1.00E-05 36 ± 0.46 13.0 ± 3.79 
1.00E-06 36.6 ± 0.23 8.40 ± 1.26 
1.00E-07 37.4 ± 0.25 6.51 ± 0.42 
1.00E-08 37 ± 0.07 6.48 ± 0.31 
1.00E-09 37.4 ± 0.42 5.20 ± 1.43 
1.00E-10 Undetected 
 
Rumen fluid Undetected 
 
sdH2O plus dilutions 
Pure 20.1 ± 0.05 5.04E+05 ± 1.53E+04 
1.00E-01 23.1 ± 0.07 687E+04 ± 3.23E+03 
1.00E-02 27.6 ± 0.15 3.44E+03 ± 3.24E+02 
1.00E-03 30.5 ± 0.16 497 ± 51.2 
1.00E-04 32.5 ± 0.16 129 ± 13.3 
1.00E-05 35.1 ± 0.04 23± 0.49 
1.00E-06 35.7 ± 0.64 17 ± 6.89 
1.00E-07 36.4 ± 1.13 13 ± 8.19 
1.00E-08 36.2 ± 0.45 12 ± 3.32 
1.00E-09 39.0 ± 0.27 2.0 ± 0.31 
1.00E-10 38.6 ± 0.13 2.0 ± 0.07 
H2O Undetected  
Standard 4.56E+08 9.3 ± 0.05 4.56E+08 
Standard 4.56E+06 17.3 ± 0.25 4.56E+06 
Standard 4.56E+04 24.0 ± 0.35 4.56E+04 
Standard 4.56E+02 30.5 ± 0.20 455.57 
Standard 4.56E+00 37.4 ± 0.69 4.56 
Standard 4.56E-01 Undetected NA 
 
NTC Undetected 
 
 
PTC 11.3 ± 0.37 4.12E+08 ± 1.17E+07 
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Plate 27.7. Cycle threshold figure of the quantitative polymerase chain reaction assay for the culture dilution reaction  
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Plate 27.8. The standard curve produced from the diluted plasmid containing the RPOb gene fragment specific to Fusobacterium necrophorum 
when analysed for the assay performed for culture dilution analysis. 
